Here we review the literature on the effects of molecular hydrogen (H2) on normal human subjects and patients with a variety of diagnoses, such as metabolic, rheumatic, cardiovascular and neurodegenerative and other diseases, infections and physical and radiation damage as well as effects on aging and exercise. Although the effects of H2 have been studied in multiple animal models of human disease, such studies will not be reviewed in depth here. H2 can be administered as a gas, in saline implants or infusions, as topical solutions or baths or by drinking H2-enriched water. This latter method is the easiest and least costly method of administration. There are no safety issues with hydrogen; it has been used for years in gas mixtures for deep diving and in numerous clinical trials without adverse events, and there are no warnings in the literature of its toxicity or longterm exposure effects. Molecular hydrogen has proven useful and convenient as a novel antioxidant and modifier of gene expression in many conditions where oxidative stress and changes in gene expression result in cellular damage.
Introduction
Hydrogen (H) is the lightest and most abundant element in the universe; in its molecular form H 2 is a colorless, odorless, tasteless non-toxic nonmetallic gas [1] . Although hydrogen can burn at temperatures above 570˚C, at normal temperatures and partial pressures (at concentrations below 4%), it is a harmless gas that can act as a cellular antioxidant [1] - [3] . Hydrogen was first used as a medical gas in 1888 by Pilcher [4] . It was infused as a gas into patients' rectums to identify colorectal perforations in order to avoid unnecessary surgery [4] . Until recently hydrogen was thought to be physiologically inert [2] , but in 2007 it was reported that hydrogen could ameliorate cerebral ischemia reperfusion injury and selectively reduce strong cytotoxic oxygen radicals, including hydroxyl radical (•OH) and peroxynitrite (ONOO − ) [2] [5]. This followed from experiments by Christensen and Sehested where molecular hydrogen was found to neutralize hydroxyl radicals in aqueous solutions at 20˚C [6] .
The formation of oxygen and nitrogen radicals, as seen under conditions of oxidative stress, is thought to be an important if not an essential element contributing to the formation of a number of diseases, such as cardiovascular, rheumatic, gastrointestinal, neurodegenerative, metabolic, neoplastic and other diseases [2] [5] [7] - [10] . It is also important in tissue injury and aging [1] [2] [5] [7]- [11] . In this process, free radicals, such as reactive oxygen species (ROS) and reactive nitrogen species (RNS), are generated as by-products of oxidative metabolism. When in excess over endogenous antioxidants, ROS/RNS can induce casual and cumulative oxidative damage to cellular macromolecules, eventually resulting in cellular dysfunction, cell death and in some cases, leading to the development of various diseases [12] [13] .
Mitochondria appear to be closely involved in oxidative stress and the aging process [7] [12]- [14] . They are the main intracellular source of free radical superoxide anion, as well as the initial target of oxidative damage [11] - [14] . Under physiological conditions, low concentrations of ROS/RNS are generated indirectly by the electron transport chain in the inner mitochondrial membrane, and these ROS/RNS are normally neutralized by cellular antioxidants [5] [7] [14] [15] . However, excess ROS/RNS generated under pathological conditions cause progressive oxidative damage to mitochondrial membranes, proteins and mitochondrial DNA and eventually other cellular constituents [16] - [19] .
Mitochondrial dysfunction caused by excess concentrations of ROS/RNS is found in essentially all chronic diseases [17] [20]- [22] . Cell death is an important consequence of mitochondrial dysfunction, and the demise of cells can occur via a number of pathways that are initiated in mitochondria and involve apoptosis, autophagy and necrosis [20] [23] .
Under normal physiological conditions ROS/RNS exist at low cell concentrations that do not cause excessive cellular damage. The levels of these potentially dangerous free radicals are kept in check by endogenous antioxidant systems that include superoxide dismutase, catalase, glutathione peroxidase and various vitamins [15] [20]- [24] . However, when the concentrations of ROS/RNS exceed the endogenous capacity to neutralize them, oxidative stress and cellular damage can occur. Excess production of ROS/RNS can occur due to a variety of exposures, from irradiation to chemical exposure or by physical stress [25] - [27] .
Hydrogen Acts as a Cellular Antioxidant and Gene Regulator
Although historically hydrogen (H 2 ) was considered inert and nonfunctional [28] , Ohsawa et al. [5] found that H 2 could act as a therapeutic antioxidant by selectively reducing cytotoxic ROS/RNS. We now know that H 2 can act as a cytoprotective anti-oxidation agent in isolated cells in culture, as well as in animals and patients [1] [29] . Thus H 2 can reduce oxidative stress and readjust the redox status of cells [30] . As a result of its mild but efficient antioxidant properties, H 2 can cause multiple effects in cells and tissues, including anti-apoptosis, anti-inflammation, anti-allergic and metabolic effects, in most cases by reducing oxidative stress and excess amounts of ROS/RNS [1] [2] [5] [29] .
Hydrogen can also affect gene regulation that is modified or initiated by ROS/RNS, such as gene regulation by p53, AP-1 and NF-κB [30] - [36] . Hydrogen has the ability to modify signal transduction. Using a rat liver DNA microarray the effects of hydrogen were examined on general gene expression [35] . After drinking H 2 -enriched water for 4 weeks, the DNA microarray was used to show that 548 genes were up-regulated and 695 genes were down-regulated in hepatic liver gene microarray. The genes encoding oxidoreduction proteins were enriched in the up-regulated genes. Thus hydrogen can have both specific and general effects on cells and tissues.
Methods of Hydrogen Administration
Hydrogen has some distinct advantages as an antioxidant. Since it is a gas, it can be given by a variety of methods, and as a gas or as hydrogen dissolved in fluids, H 2 has extraordinary penetration and tissue distribution properties. Hydrogen as a gas dissolves in physiological fluids and distributes rapidly. It can easily penetrate cellular membranes and enter intracellular compartments [1] [2] [29] . Most antioxidant supplements are limited in their cellular distributions and are poorly taken up by organelles like mitochondria [37] [38] , but hydrogen has the ability to effectively penetrate biomembranes and infiltrate into organelles, such as mitochondria and the nucleus. In contrast to many antioxidants, H 2 also has the advantage of being able to penetrate the blood-brainbarrier [39] .
Inhalation of H 2 gas is the most straight-forward but not the most convenient method of medical hydrogen administration [1] [29] . At concentrations below 4% H 2 can be inhaled via mask, nasal cannula or ventilator. When inhaled at these concentrations, H 2 does not affect blood pressure [2] [4] , and H 2 concentrations have been monitored in animal models by inserting hydrogen electrodes directly into tissues [40] . Inhalation of H 2 has been used in organ transplantation to reduce intestinal and pulmonary transplant injury and prevent organ inflammation [41] . Exposure to 2% H 2 gas also significantly improved gastrointestinal transit, reduced lipid peroxidation and blocked production of several pro-inflammatory cytokines [41] .
In a mouse sepsis model H 2 -treatment improved the survival rate and organ damage by reducing blood and tissue levels of early and late pro-inflammatory cytokines [42] . This same group investigated the effects of H 2 on survival, tissue damage, and cytokine responses in a zymosan-induced multiple organ damage and inflammation model [43] . They found that H 2 treatment reduced levels of oxidation damage, increased activities of antioxidant enzymes, and reduced the levels of pro-inflammatory cytokines in serum and tissues [43] .
Hydrogen has also been administered as an injectable saline solution [44] . For example, Cai et al. [44] used H 2 in saline injected intraparatoneally into neonatal rats as a model of hypoxia-ischemia to demonstrate the neuroprotective effects of hydrogen. Using an Alzheimer's disease model in rats H 2 -saline injections decreased oxidative stress and inflammation markers, and prevented memory and motor disturbances [45] .
By far the easiest, most practical and effective method of H 2 administration is oral ingestion of hydrogen water [29] . Hydrogen dissolved in water is a convenient and safe means of delivering H 2 [46] . For example, H 2 can be dissolved in water at up to 0.8 mM at normal atmospheric pressure and room temperature, and it does not add taste, color or change in any way the characteristics of water. Once ingested, hydrogen-infused water passes quickly into the blood [47] .
Safety of Hydrogen
Hydrogen has been used for years, without incident, in deep diving gas mixtures to prevent decompression sickness and arterial gas thrombi [48] . Even at relatively high concentrations, H 2 has been reported to have no toxicity [48] - [50] .
The safety of H 2 in humans has been well documented in gas mixtures. For example, Hydreliox, a gas mixture used for deep diving, contains 49% hydrogen, 50% helium and 1% oxygen. Hydreliox was shown to be essential in preventing nitrogen narcosis and to prevent decompression sickness in working dives at great depths [48] [51] . In other deep diving studies H 2 was used during compression at 20 ATM to reduce bradycardia and other nervous and psychosensorimotor symptoms (high pressure nervous syndrome) without any long-term safety issues [52] . Although a mild narcotic effect of hydrogen was detected from breathing hydrogen-helium-oxygen mixtures at high pressure, it was reversed upon return of the divers to ambient pressures [51] .
Hydrogen in other forms, such as H 2 -water, has not demonstrated any toxic or safety issues [1] [2] . For example, rats were fed H 2 -water (0.19 mM hydrogen) or degassed water ad libitum for one year, and there were no reported changes in morbidity or mortality between the H 2 and control group of animals. There was, however, reduced periodontal damage in the H 2 group [53] . In clinical studies there were no reported toxic effects of ingesting H 2 [54] . Thus hydrogen is a safe and non-toxic substance when used at relatively low concentrations under normal conditions of pressure and temperature.
Hydrogen as a Therapeutic or Preventive Agent in Models for Human Diseases
Animal models of human disease have been used to test the therapeutic effectiveness of H 2 administration. This area has been amply covered in various reviews [1] [2] [29] [54]- [56] . For example, Ohno et al. [55] reviewed the effects of hydrogen in 63 animal models of human disease. They found multiple successful studies in animals where hydrogen had been administered as a gas (21 publications), by saline injection (27 publications) or as H 2 water (23 publications) [55] . Other publications have used ocular solutions containing H 2 [57] , hydrogenrich water baths [46] , or direct instillation of H 2 solutions into the stomach or other organs [56] . Although most studies have used rodents as models, other animal models have also been used, such as rabbits or pigs [55] [56] .
The first studies on the biology of hydrogen used hydrogen-producing algae and bacteria [59] [60] . Hydrogen has been found to promote growth of plants and regulate plant hormones and cytokines [61] [62] . Clinically, hydrogen has been used for a variety of conditions (Figure 1) . Some of the most beneficial clinical uses of hydrogen will be discussed in this review.
Hydrogen and Ischemia/Reperfusion Injury
Many animal studies on the effects of hydrogen have used models for ischemia/reperfusion injury. Ischemia reperfusion injury is a phenomenon that is found clinically and can be attained experimentally. It is described as lack of oxygen supply to cells and tissues due to diminished perfusion, followed by local, and sometimes remote, inflammation due to acute reperfusion of the ischemic cells and tissues that may aggravate the original ischemic failure [2] [62] . Several mechanisms have been proposed to explain ischemia/reperfusion, such as activation of redox signaling pathways, changes in mitochondrial permeability, autophagy, innate immunity, and other mechanisms [63] - [68] . Mitochondria appear to play an essential role in the process of ischemia/reperfusion [67] - [69] .
Molecular hydrogen has been proposed as a possible protective molecule in ischemia/reperfusion [ [56] . In addition, recent evidence suggests that hydrogen might influence gene expression, possibly as a molecule that can counteract gene expression changes that occur during chronic adaptation responses to tissue damage [70] . While ischemia/reperfusion can occur in several organs, it is frequently observed in heart, brain, kidney, liver, retina, lungs, and the gastrointestinal tract [71] [72] . Molecular hydrogen has been used as a prophylactic and therapeutic agent for acute or chronic ischemia/reperfusion in those organs [1] [2] [54] [73] . As ischemia-reperfusion injury might play a significant role in organ transplantation, the effects of molecular hydrogen could also be important in organ transplantation [73] - [76] .
The beneficial effects of hydrogen in ischemia/reperfusion models in animals have been extensively reviewed [29] [55]- [77] . Several possible uses of H 2 in humans has been mostly extrapolated or hypothesized from a relevant series of ischemia/reperfusion experiments performed in animals [1] [2] [29] [54]- [56] [73] [78] .
Focusing on one organ, the heart, it has been shown that molecular hydrogen administered as a gas in rodents can improve the functional performance of the heart after cardiac arrest [39] . It does so with an efficacy comparable to hypothermia [39] . Hydrogen was proven to be better when H 2 gas was inhaled at 2% concentration, synchronized with the beginning of cardio-pulmonary resuscitation and continued for a minimum of two hours, reducing the increment of damage caused by ROS/RNS free radical reactions related to cardiac arrest.
Molecular hydrogen treatment has been shown to dramatically reduce the size of heart infarcts in rat models of myocardial ischemia/reperfusion injury [40] . It has been hypothesized that this is related to the rapid diffusion of molecular hydrogen gas, which is even faster than that of the coronary reperfusion after an ischemic incident, and its ability to interact with cellular free radicals [5] . ROS/RNS species seem to play a central role in ischemia reperfusion injury mechanisms, and the rapid diffusion of molecular hydrogen and its ability to counteract ROS/RNS species, especially hydroxyl radicals (•OH) and peroxynitrites (ONOO − ) [5] , has been proposed to significantly reduce damage during ischemia/reperfusion injury. Thus, the experimental infarct size in rats can be significantly reduced with H 2 gas treatment [40] .
A similar effect was reported using hydrogen in a saline solution; hydrogen saline protected against the damage produced by free radicals released during ischemia /reperfusion injury [79] - [82] . Hydrogen-saline has been also reported to improve heart failure produced by doxorubicin treatment in rats [83] . Combining H 2 with nitric oxide in a gas mixture also reduced free radicals, as well as protecting from heart damage and reducing infarct size in experiments done on murine hearts [84] .
Cardioprotection by ischemic preconditioning or post-conditioning is an important approach to reducing ischemic/reperfusion cardiac injury [85] . Cardioprotection has been defined as "all mechanisms and means that contribute to the preservation of the heart by reducing or even preventing myocardial damage" [86] . Ischemic preconditioning is the protection conferred to ischemic myocardium by preceding brief periods of sublethal ischemia separated by periods of reperfusion [87] . Ischemic post-conditioning is the reduction of infarct size produced by several cycles of coronary occlusion/reperfusion after a sustained ischemia capable of producing an infarct [88] . In this process the opening of mitochondrial pores inhibited by ATP K + channels (mKATP) has been implicated in cardioprotecion, as their opening inhibits the permeability of the mitochondrial permeability pore (mPTP), a crucial event for ischemic reperfusion damage to take place [89] [90] .
The administration of molecular hydrogen as a gas has been recently shown to activate mKATP, inhibiting mPTP, and thus acting as a cardioprotective agent in mice, rats and pigs [91] - [93] . More recent experiments performed in H9c2 cells in culture have shown that the induction of expression of antioxidant enzymes, such as heme oxygenase-1, by molecular hydrogen is another mechanism by which hydrogen prevents damage during ischemia/reperfusion injury [94] .
In another variation of the use of hydrogen to reduce heart transplant damage, organ grafts for transplants were found to show enhanced preservation by submerging them in cold, H 2 -supplemented water [54] [91] . For example, in rat heart transplants the grafts were better preserved in cold, H 2 -supplemented water baths [91] [92] . Indicators of cardiac injury, such as the release of myocardial creatin phosphokinase and troponin I in serum, diminished significantly in grafts maintained in a cold, hydrogen bath [58] [95] [96] . Addition of hydrogen to HTK (histidine, tryptophan, ketoglutarate) solutions has also been reported to be a major improvement for preserving grafts during heart transplantation in rats [97] . The proposed mechanism is that molecular hydrogen prevents ROS and RNS production after excision of tissue and temporary ischemia and during grafting for transplantation.
Ischemic/reperfusion injury can also occur in gastrointestinal tissues where it can result in dysmotility, inflammation, and finally organ failure in grafts and transplants. Inhaled molecular hydrogen, or applied in H 2 -enriched saline solutions, has been tested as a protective agent for gastrointestinal tract transplants in animal models in order to reduce oxidative stress in the grafts [98] - [101] . A recent report using rats has shown that it has significant beneficial effects in small bowel transplants, when administered to the luminal side as an enriched hydrogen solution [102] . The antioxidant effects of molecular hydrogen, especially its attenuation of hydroxyl radicals, was proposed to play a significant role. Intestinal ischemia/reperfusion injury results in the release of a group of pro-inflammatory agents, such as tumor necrosis factor-α and interleukin-1β, plus neutrophil infiltration and peroxidation of membrane lipids. This damage, potentiated by the production of ROS, can be diminished by hydrogen-rich saline solutions in rats [103] .
The lungs can be involved in ischemia/reperfusion injury, especially during lung transplantation, or cardiac bypass, by mechanisms that are not fully understood [104] . Lung ischemia/reperfusion injury is characterized by diffuse alveolar damage within the first few hours after transplantation. It seems to be related to multiple mechanisms comprising production of ROS, but also alterations in intracellular calcium, the Na-K pump and the production of pro-inflammatory factors [105] . Hydrogen has been applied in rats either by inhalation or hydrogen-rich saline solutions to prevent damage in lung grafts [41] [106]- [110] . Although part of the explanation in the improvement of lung grafts with hydrogen application is likely due to its effects in preventing ROS damage [102] [111] , there is evidence that it also ameliorates the damage produced by pro-inflammatory agents and protecting against lipopolysaccharide induction damage [112] [113] . It has been also reported that the administration of hydrogen can protect against damage through the expression of proteins related to the production of surfactants, ATP synthases and stress-response molecules [113] . Recent experiments show that the combination of the administration of hydrogen and nitric oxide seems to be even more beneficial than hydrogen alone [114] . It is interesting that in this case, the protective effects of hydrogen are not fully correlated with its protection against oxidative damage, suggesting that hydrogen can also reduce adverse effects by other mechanisms [1] [2] .
Retinal ischemia/reperfusion injury is associated with several diseases such as glaucoma, diabetes and several vascular disorders [115] - [117] . In all these cases, one of the damage mechanisms, is the production of ROS species leading to the oxidation of lipids, DNA and protein synthesis disorders, leading to cell death [118] [119] . Studies performed in rats have shown that hydrogen in eye drops, as a gas and in saline solutions, can protect the retina against oxidative and inflammatory damage produced by retinal ischemia reperfusion injury [57] [120]- [123] .
Ischemia in the brain leads to temporary or permanent functional deficits. It has been reported that the immediate reperfusion of the brain to stop ischemic damage paradoxically can lead to additional damage due to a change in mitochondrial inner membrane potential and an excess of production of ROS [124] . This has been proposed to constitute the primary basis of brain ischemic reperfusion injury. Examples that can lead to brain ischemia with subsequent ischemia/reperfusion injury are stroke, trauma, and inflammation [125] . Inhalation of hydrogen or using hydrogen-saline solutions has proven to be beneficial for brain damage produced by traumatic injury in rats [126] [127] . Hydrogen-rich saline solutions have been effective after rat brain ischemic damage produced by cardiac arrest or vascular causes [128] [129] . Finally, the protective effects of inhalation of hydrogen gas in mice have been also observed in damaged brains after inflammation [130] .
The use of hydrogen in humans has thus far only been tested for acute brain ischemia [131] . This safety study attempted to determine the equivalent concentrations of hydrogen in humans that can reproduce the results obtained in animal studies. The authors concluded that inhalation of 3% hydrogen for 30 minutes in humans is safe and that it might yield a similar hydrogen concentration in blood that have been shown to be useful in animals to treat or prevent this condition. However, studies of inhalation of hydrogen in humans can becomplicated, in part, because of variable hydrogen concentrations achieved in blood, and thus the results have lacked consistency. Because of this, the clinical use of hydrogen in acute brain injury needs further development [131] .
Hydrogen and Metabolic Diseases
The most common metabolic disease is metabolic syndrome (MetSyn), which is a health condition characterized by a high increment for a group of risk factors that occur together (obesity, insulin resistance, dyslipidemia and hypertension). Collectively these factors increase the risk for coronary artery disease, stroke and type 2 diabetes mellitus (T2DM) [132] - [135] . In the 1980s the important role of insulin resistance in a number of diseases was determined, and this condition along with a group of risk factors was first named syndrome X but is now termed MetSyn [136] - [138] . Major clinical components of MetSyn are abdominal obesity, dyslipidemia with excessive flux of fatty acids, elevated blood pressure, and insulin resistance without glucose intolerance. When found together in the same patient, the long-term outcome is potentially life threatening, and in particular, there is a significant increase in risk for cardiovascular disease [135] . Also, MetSyn-linked T2DM and Alzheimer's disease are interconnected with overlapping oxidative stress pathways. Though these pathways are not exactly the same in these two diseases, they can have a synergic combination of detrimental effects [139] . The incidence and prevalence of MetSyn strongly increases with age, and it is often found in older populations, especially in men, in association with sex hormones changes during aging [11] [140] .
Oxidative stress is a major component in the pathogenesis of MetSyn [141] [142] . The levels of ROS/RNS are significantly increased in MetSyn, along with abdominal obesity and insulin resistance [143] [144] . The increased production of ROS/RNS free-radicals, which attack and oxidize polyunsaturated fatty acids in a process known as lipid peroxidation, is particularly prevalent in MetSyn. Peroxidized lipids are eventually converted into lipid hydroperoxides, such as conjugated dienes and malondialdehyde (MDA) [145] [146] . These peroxidized lipids are elevated in patients with obesity, MetSyn, and T2DM [147] . In addition to cellular lipids, ROS/RNS free radicals can also attack and modify carbohydrates, proteins and DNA [148] [149] . These ROS/RNS modified biomolecules have been used as oxidative stress markers [12] [14] . Peroxidation and ROS/RNS damage are particularly relevant in mitochondria dysfunction, but the loss of mitochondrial function can be prevented with antioxidant and phospholpid supplements [148] .
Hydrogen-enriched water has been used to treat rat models of MetSyn. For example, SHR-ND rats are genetically modified rats that develop MetSyn, and they have hyperinsulinemia, hyperglycemia, hyperlipidemia with increased oxidative stress and inflammation [149] . Treatment of SHR-ND rats for sixteen weeks with hydrogen-rich water improved renal function (creatinine clearance increment by 22%, p < 0.05) [149] . Kidney damage as a result of glomerular sclerosis was also improved (reduced by 17%, p < 0.05). Finally, the total plasma antioxidant capacity as determined by Biological Antioxidant Potential or BAP, measured by standard reactions of Fe 3+ to Fe
2+
, was also improved by 22% (p < 0.05) [149] . The beneficial effect of hydrogen-enriched water has also been studied in rat myoblasts L6 cells in culture, where glucose uptake was reported to be dramatically increased [150] .
Obesity is an important element and major risk factor of MetSyn, and it can constitute a pathological condition in which there is excessive accumulation of body fat along with a reduction in life expectancy and/or increased health problems [151] . Obesity is commonly related to an imbalance in the amounts and ratios of lipids in cells, tissues, and body fluids. In addition, during the development of obesity oxidative stress has been found to increase [152] . Drinking hydrogen-enriched water has been found to reduce hepatic oxidative stress in Db/db mice, which are lacking the leptin receptor [153] . It was found that H 2 -enriched water enhanced the hepatic expression of the hormone fibroblast growth factor 21, which is involved in pathways of fatty acid and glucose expenditure in the body, leading to the stimulation of energy metabolism. In humans consumption of H 2 -enriched water (1.5 -2 L/day produced by reaction with magnesium sticks), over a period of 8 weeks, promoted antioxidant capacity in patients with MetSyn [154] . This was quantified by measuring the increased expression of antioxidant enzymes like superoxide dismutase (increased by 39%), and reduction of oxidative substances like MDA in urine (reduced by 43%, as measured by reaction with thiobarbituric acid). Dyslipidemia was also improved, since HDL increased by 8% and the ratio of cholesterol/HDL diminished by 13% [154] . No changes were observed in the fasting blood glucose levels for this time period [154] . Another study conducted in subjects with potential MetSyn found that the consumption of hydrogen-enriched water (1 L/day) for a period of about 10 weeks promoted a reduction in total cholesterol and in LDL-cholesterol serum levels [155] . In addition, HDL levels improved, as measured by different tests, indicating protection against LDL oxidation by an average of 31% (p < 0.05). The explanation for the changes in cholesterol and LDL lipoproteins were related to a reduction in apolipoprotein B10 and E. HDL was increased by several different mechanisms, such as protection against oxidation, and this resulted in inhibition of inflammatory cell adhesion and the effects of tumor necrosis factor-α in endothelia. It also resulted in stimulation of cholesterol efflux from macrophages [155] .
Alterations in lipids or dyslipidemias, whether associated or not with obesity and MetSyn, are also improved by the use of hydrogen [156] . One of the ways hydrogen promotes such an action is by a reduction of the expression of the fatty acid translocase CD36, which diminishes excessive fatty acid uptake by human liver cells and promotes hepatic steatosis [156] . In animal models of dyslipidemias it was shown that lipid deposition in arteries is reduced upon drinking hydrogen-enriched water [157] . Also, improvements in plasma lipoprotein profiles, such as reductions in LDL-C, apoB and apoE by approximately 30% (p < 0.05), were observed in MetSynt apo-E knock-out mice. This was seen after four weeks of intraperitoneal injection of H 2 -enriched saline solutions [158] . The same effect was observed in hamsters fed with a high-fat diet. The results suggest that H 2 has an important anti-atherosclerotic effect [158] .
An important transport component in plasma membranes is the ATP-binding cassette transporter ABCA1, also known as the cholesterol efflux regulatory protein. The amounts of this membrane component have been associated with high-density lipoprotein deficiency [159] . It has been recently established in patients with hypercholesterolemia that the consumption of one L/day of H 2 -enriched water for a period of 10 weeks can activate the ATP-binding cassette transporter A1-dependent cholesterol efflux system. This improved the function of HDL lipoproteins in patients with hypercholesterolemia in a double-blind, placebo-controlled clinical trial (47% reduction, p < 0.05) [160] .
Another element of MetSyn is insulin resistance, a physiological condition in which cells fail to respond to the normal actions of the hormone insulin, leading to temporary or permanently increased blood glucose levels [136] . Insulin resistance is a major landmark property in the development of T2DM, which is characterized by elevated fasting glucose concentrations and dyslipidemia [136] [137] [161] .
Oxidative stress also plays an essential role in insulin resistance [141] . In T2DM patients ROS damage accumulates in MetSyn and also acts at the level of trophic factors, impairs tolerance to glucose, activates pathways of apoptosis and autophagy, causes tissue remodeling, stimulates changes in the homeostasis of cellular energy, and modifies vascular biology [9] . In models for T2DM H 2 -water has proven to be beneficial for treating diabetic symptoms in high-fat diet-fed animals [158] . Furthermore, in subjects with insulin resistance, as well as in T2DM patients, the addition of hydrogen to drinking water has proven to be beneficial for normalizing lipid profiles and glucose levels [162] . In this study thirty T2DM patients drank an average of one L/day of hydrogen-enriched or pure water for a period of 8 weeks, and then several biomarkers of oxidative stress, insulin resistance, and glucose metabolism were compared before and after the 8-week period. T2DM patients that consumed hydrogen-rich water showed a significant decrease in the levels of modified low-density lipoprotein (LDL, 15.5% decrease, p < 0.01) cholesterol, small dense LDL (5.7% decrease, p < 0.05), and urinary 8 isoprostanes (6.6% decrease, p < 0.05) [162] . H 2 -water intake was also associated with a reduction of insulin-resistance and oxidative stress biomarkers, such as serum concentrations of oxidized LDL (5%, p < 0.05) as well as increased adiponectin (2%, p < 0.1) and increased extracellular-superoxide dismutase (2%, p < 0.05). In 4 out of 6 patients who consumed H 2 -enriched water for 8 weeks, hydrogen normalized the glucose tolerance test (p < 0.01), while it also improved the secretion of insulin (56%, p < 0.05) [163] . Hydrogen may also be beneficial in type 1 diabetes, since it improves glycemic uptake by skeletal muscle in a type 1 diabetic animal model [163] .
Since MetSyn can affect endothelial and smooth muscle cells, and these effects can be attenuated by hydrogen, H 2 may also be useful for reducing blood pressure. The beneficial effects of hydrogen on hypertension are described in the next section. Also, the atherogenic susceptibility due to dyslipidemia in blood vessels can be diminished by exposure to hydrogen, and this has been tested in transgenic (apo E−/−) mice [164] . Treatment of these mice with intraperitoneal injections of H 2 -enriched saline for 8 weeks diminished the levels of the atherogenic apolipoprotein B (apoB) by 50% -75%, in addition to other anti-inflammatory responses (suppression of proinflammatory interleukin-6 and tumor necrosis factor-α by 20% -40%, p < 0.05). Lipid deposits in the arterial walls were also reduced significantly in the aortic root upon hydrogen administration (20% -40% reduction, p < 0.05) [164] .
Neointimal hyperplasia and advanced glycation in endothelial cells leads to apoptosis. Both can be prevented by applying molecular hydrogen or H 2 -enriched saline in rats [165] - [167] . Thus, the use of hydrogen and H 2 -enriched water should be very useful in preventing or delaying the appearance of MetSyn and associated diseases.
Hydrogen and Cardiovascular Diseases
The vascular system, including endothelial cells, surrounding matrix and smooth muscle and other cells, heart and lung tissues and blood circulatory contents, constitute the cardiovascular system. As mentioned in section 7, the vascular system can be involved in pathogenic changes, including dyslipidemia, protein changes, hypertension and other determinants of cardiovascular diseases (CVD). Most CVD, including stroke, myocardial infarction, peripheral artery disease, among others, involve circulatory plaque formation or atherosclerosis caused potentially by hypertension, obesity, diet, dyslipidemia, smoking, alcohol consumption, metabolic syndrome, diabetes and other factors [168] .
Animal models have been established for studying the effects of various procedures and therapeutic agents on CVD, and hypothermia models have been used to assess the effects of temperature on the physiological effects that occur after cardiac arrest. These models mimic the sequelae of effects (often called post-cardiac arrest syn-drome) that take place, such as neurological dysfunction, cardiac damage, systemic inflammation, among other problems [169] - [171] . For example, hypothermia has been used to protect neurons, cardiac cells, and reduce systemic inflammation in animals [169] [171] [172] .
Using a hypothermia treatment model Hayashida et al. [40] compared the effects of H 2 gas, with or without hypothermia or hyperthermia alone, on cardioprotection in isolated, perfused rat hearts. They found that H 2 gas enhanced the recovery of left ventricular function following anoxia-reoxygenation, and reduced the infarct size without altering hemodynamic parameters. Hydrogen gas also prevented left ventricular remodeling [40] . This group later compared H 2 gas with therapeutic hypothermia in rats by examining the functional outcome of cardiac arrest, followed by mechanical ventilation (MV) and treatment in four groups of rats (group 1, controls; group 2, MV with 2% H 2 -98% O 2 at normal temperature; group 3, MV with 2% N 2 -98% O 2 at hypothermia temperature; group 4, MV with 2% H 2 -98% O 2 at hypothermia temperature). After return of spontaneous circulation, group 4 animals showed better improvements in survival and neurological deficit scores. They also demonstrated increases in left ventricular end-diastolic pressures measured by a transducer catheter and increases in serum interleukin-6 levels in the H 2 -treated animals [39] . One day later, the hearts were removed, fixed, and prepared for histological examination. Consistent with the end-diastolic pressures, water content in the lung as an indicator of edema was similar in control and H 2 -treated but not the other groups. Standard histology revealed less severe perivascular and interstitial fibrosis, less inflammatory cell infiltration and other changes on the endocardial side of the myocardium in the H 2 -treated groups. Using monoclonal antibodies against 4-hydroxy-2-nonenal to assess lipid peroxidation and antibodies against 8-hydroxy-deoxyguanosine to assess nucleic acid oxidation, Hayashida et al. [39] found that there were fewer positive cells in rats administered hydrogen gas, suggesting that inhalation of H 2 gas reduced oxidative myocardial injury.
The rat model of cardiac arrest has also been used to demonstrate that H 2 gas inhalation improves brain function and neurological outcome [173] . After cardiac arrest and resuscitation for 2 hours and after return of spontaneous circulation, the ventilated rats were randomized into four groups: group 1, 26% O 2 at normal temperature (control group); group 2, 1.3% H 2 -26% O 2 at normal temperature; group 3, 26% O 2 and hypothermia; and group 4, 1.3% H 2 -26% O 2 and hypothermia. The survival rates were as follows: group 1, 38.4%; group 2, 71.4%; group 3, 71.4%; and group 4, 85.7% (group 1 versus group 4, p < 0.05). Neurological deficit scores based on consciousness, breathing, cranial nerve reflexes, motor function, sensory function and coordination were scored after 24, 48, 72 hours and 7 days after arrest and resuscitation [174] . Neurological scores were significantly better in the H 2 group 2 (p < 0.05) and even more improved in the H 2 + hypothermia group 4 (p < 0.01). Neurological scores were also better in H 2 + hypothermia group 4 compared to hypothermia alone (group 3) (p < 0.05). A Y-maze test was used to assess motor activity and spatial memory at 7 days. Motor activity was significantly lower in the control group 1 (p < 0.01) and hypothermia group 3 (p < 0.05) compared to the hydrogen groups, whereas differences in spatial working memory at 7 days were not significantly different [174] .
In other models for atherogenesis, such as the apolipoprotein E knockout mouse (apoE [−/−]), feeding H 2 -saturated water ad libitum prevented development of atherosclerosis. Lesions stained by Oil-red-O in histological sections were significantly reduced (p < 0.0069) in the H 2 -water group of mice at 6 months, and there was also a reduction in macrophages in the lesions in the H 2 fed mice [175] .
The effects of hydrogen on hypertension have also been studied using animal models. For example, using a rat model based on monocrotaline-induced hypertension He et al. studied the effects of hydrogen water on pulmonary blood pressure, right ventricle weight and hypertrophy and pulmonary inflammation [176] . They found that all of these parameters were increased in the monocrotaline-treated groups, but oral or injected H 2 was found to prevent the development of hypertension and hypertrophy. They also utilized immuno-histochemistry to assess whether hydrogen prevented the monocrotaline-induced increase in 3-nitrityrosine and intercellular adhesion molecule-1-staining cells in the H 2 -treated animals. Hydrogen treatment reduced the chronic inflammation in monocrotaline-treated animals [176] .
In clinical studies, H 2 -enriched water has been proposed to improve vascular health [177] . To assess vascular function and health a flow-mediated ultrasound dilation test was developed based on a pressure cuff on the brachial artery that was inflated to 50 mm mercury above systolic blood pressure for 5 minutes and then released [178] . After measurement of the brachial artery diameter and flow-mediated dilation at baseline, subjects drank H 2 -enriched water or placebo water, and measurements were taken immediately or after a 30-min interval and flow-mediated dilation determined. In the H 2 -enriched water group of 8 adult males and 8 adult females flowmediated dilation increased from 6.80% ± 1.96% to 7.64% ± 1.68%, whereas in the 8 + 8 placebo group flow-mediated dilation decreased from 8.07% ± 2.41% to 6.87% ± 2.94%, indicating a significant improvement (p < 0.05) [177] .
The above studies indicate that H 2 -water could be very useful in improving vascular health. Although longterm hydrogen-water studies on human subjects and hypertension and CVD have not yet been executed, this remains a viable area for further clinical research.
Hydrogen and Neurodegenerative Diseases
Neurodegenerative diseases are caused by the progressive loss of nerves or nerve function by cell death or dysfunction [179] . Neurodegenerative diseases include: amyotrophic lateral sclerosis or ALS, Parkinson's disease, Alzheimer's disease, Huntington's disease, among others, and these diseases are associated in that there are some similarities in the roles of genetics, neurotransmitters, protein misfolding and accumulation of toxic proteins, degradation pathways, membrane damage, and mitochondrial dysfunction that lead to nerve cell dysfunction and death [180] - [182] . Important among these parameters are the dysfunction of mitochondria and excess oxidative stress that can result in programmed cell death [180] [181] . Treatment of neurodegenerative diseases has generally not been successful, but one approach points to the potential of antioxidant agents for the treatment of neurodegenerative disorders [182] - [184] .
Chronic oxidative stress has been proposed to be important in Parkinson's disease (PD) [185] [186]. Models of PD have been developed that show many of the neuropathological features of the disease, such as the degeneration of the nigrostriatal dopaminergic neural circuitry controlling motor function, the presence of cytoplasmic structural abnormalities in nerve cells, and other features [186] - [188] . Alternatively, animal models of PD have been used that are based on chronic physical restraint stress that show brain oxidative stress and learning and memory impairments [46] [187] . They also show suppression of neural proliferation in the dentate gyrus of the hippocampus [189] . Nagata et al. [46] used mice fed hydrogen water to suppress the oxidative stress associated with chronic physical restraint stress and showed that hydrogen prevented cognitive impairment. The proliferation of nerves in the dentate gyrus was also restored with treatment [46] .
In PD the most characteristic feature is chronic dopaminergic cell loss in the substantia nigrathat is associated with mitochondrial dysfunction and excess oxidative stress [190] . Using a rat model of PD that is based on 6-hydroxydopamine-induced nigrostriatal degeneration Fu et al. [191] placed H 2 in the drinking water of rats before and after sterotactic surgery and found that hydrogen prevented the development and further degeneration of substantia nigra in the central nervous system. In another model for PD mice can be given acute or chronic 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine to stimulate oxidative stress and dopaminergic cell loss [192] . Feeding mice H 2 -water (0.08 -1.5 ppm [w/w] H 2 ) significantly reduced the loss of dopaminergic neurons in this chemically-induced mouse model of PD. Hydrogen in the drinking water also reduced the cellular accumulation of 8-oxoguanine, a marker of oxidative DNA damage, and 4-hydroxynonenal, a marker of lipid peroxidation, in the nigro-striatal dopaminergic pathway [193] .
Recently, a pilot clinical trial was initiated to study the effects of hydrogen water on the progression of PD in Japanese patients [194] . The trial was a randomized, placebo-controlled, double-blind, parallel-group trial studying the effects of H 2 water in levodopa-medicated PD. Participants drank one liter per day of hydrogenated water or placebo for 48 weeks. Examining the Unified Parkinson's Disease Rating Scale scores in the placebo group (n = 8) showed that the PD worsened (mean score = 4.1 ± 9.2; median 4.5), whereas scores in the H 2 water group improved (mean −5.7 ± 8.4; median −1.0) over the course of the trial. In spite of the fact that the patient numbers were small and the short duration of the trial, the difference between the H 2 water group and placebo group was significant (p < 0.05). The results indicated that hydrogen water was a safe and well-tolerated treatment that yielded significant results in this short-term trial [194] . Follow-up will be necessary to see if the results hold-up for longer time periods, but the preliminary results in this pilot trial were encouraging.
Hydrogen and Neuromuscular Diseases
Neuromuscular diseases are represented by a heterogeneous group of disorders of the muscle, nerve or neuromuscular junction. They commonly lead to progressive muscle wasting and ultimately to premature death [195] . The most common neuromuscular diseases are Duchenne muscular dystrophy (DMD), spinal muscular atrophy, and congenital muscular disorders, comprising a large group of congenital muscular dystrophies or myopathies [196] .
Although animal models for neuromuscular diseases exist and have been very useful for studying the genetics and other aspects of neuromuscular diseases [197] - [199] [200] . Each patient was given one liter of hydrogen-enriched water per day in 10 -12 divided doses for 12 weeks, and clinical signs and symptoms as well as 18 serum parameters and urinary 8-isoprostane were examined every 4 weeks. Although objective clinical signs and symptoms remained the same and did not improve (most symptoms) or improved somewhat (fatigue and myalgia), other symptoms worsened (floating sensations, diarrhea) in some patients. There were also some significant changes in laboratory parameters. For example, there was a significant decrease in lactate-to-pyruvate ratio in MM and DMD patients (p < 0.05), a decrease in fasting glucose in DMD patients (p < 0.01), and a non-significant decrease in serum triglycerides in PM/DM patients [200] .
A randomized, double-blind, placebo-controlled, cross-over clinical trial was then conducted with 22 patients (10 DMD, 12 MM patients) that consumed 0.5 liter per day of H 2 -enriched water or placebo water daily in 2 -5 divided doses for 8 weeks [200] . Between the 8-week arms of the trial was a 4-week washout period. During the trial, signs and symptoms as well as 18 laboratory serum measurements were determined every 4 weeks. Throughout the study there were non-significant objective improvements or some worsening of clinical signs and symptoms. One DMD patient reported subjective improvements in fatigue and reductions in diarrhea on H 2 -water, one MM patient complained of increased diarrhea but only initially on H 2 -water, whereas another DMD patient reported improvements in myalgia on H 2 -water. One MM patient had hypoglycemic episodes only on H 2 -water, but the episodes subsided after the insulin dose was decreased. Only serum lactose levels were significantly decreased in MM and DMD patients (p < 0.05) in the H 2 -enriched water arm. There were also some non-significant decreases in MM patients in the H 2 -enriched water arm, such as serum lactate/pyruvate ratios, matrix metalloproteinase-3 and fasting glucose levels [200] .
Although the clinical trials on the use of H 2 -enriched water in neuromuscular patients were mixed in terms of results, longer, more robust trials with additional patients numbers seem to be warranted.
Hydrogen in Infections and Sepsis
The lack of a proper response to infections can eventually result in widespread tissue and organ systemic infectious damage or sepsis that can result in fatal outcome. Sepsis remains one of the most common causes of death in critically ill patients in hospital settings [201] . It is a complex continuum of systemic immune failure against proven or probable infections of bacterial, viral, or fungal origin [201] - [203] . An important factor in the complex process of the development of sepsis is oxidative stress and failure of antioxidant systems, resulting in mitochondrial failure, apoptosis, and activation of inflammatory, immune, hormonal, metabolic and bioenergetic responses [204] [205] . Also important is the loss of intestinal barrier and translocation of bacteria and endotoxin into the circulatory system [205] . Treatment strategies include fluid administration, antimicrobials (antibiotics, antivirals, antifungals), neuroendocrine, coagulation and cytokine normalization, and maintaining or restoringorgan function [201] - [204] . Recently, Xie et al. [42] [205] [206] have reviewed the possibility that hydrogen can be used in the treatment of sepsis.
To address the possibility of H 2 treatment for sepsis hydrogen treatment was developed in animal models of sepsis [42] [130] [205] - [207] . Using a mouse model initiated by cecal ligation and puncture initiation of 2% H 2 gas inhalation at 1 or 6 hours after puncture significantly improved the survival rate of septic mice [42] . Combining H 2 therapy with hyperoxia improved the survival rate even further and reduced sepsis markers, such as proinflammatory cytokines, and decreased histological damage to organs [206] . In a more elaborate series of experiments, inhalation of hydrogen gas was found to reduce neuroinflammation, oxidative stress, and neuronal apoptosis caused by sepsis.
Histopathologic changes in brain hippocampus were reduced, along with reductions in brain water content, inflammatory cytokines, and increases in brain antioxidant activities [130] .
The protective effects of hydrogen gas on sepsis in mice were proposed to be due, in part, to the activation of heme oxygenase-1 (HO-1) and its upstream regulatory nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) [207] . To demonstrate this, mice were subjected to sepsis by cecal ligation and puncture and were administered H 2 gas as above, and additionally, one hr prior, some mice received a zinc protoporphyrin HO-1 inhibitor. Se-rum and organs were homogenized and protein and mRNA levels of Nrf2, HO-1 and HMGB1 were measured at 6, 12 and 24 hours. Hydrogen gas reduced the level of inflammatory cytokine HMGB1 and increased HO-1 and Nrf2 levels in septic mice. The protoporphyrin inhibitor eliminated the protective effect of H 2 on septic lung injury, indicating that hydrogen protection is partially mediated through the activation of HO-1 [207] .
In a rat model sepsis was induced by cecal ligation and puncture, and hydrogen was introduced in saline intraperitoneally [208] . The researchers measured survival, cognitive function, ROS, malondialdehyde and caspase 3 levels, and superoxide dismutase activities were measured in the hippocampus to determine oxidative stress and apoptosis. Organ damage was assessed by histology. Cecal ligation and puncture resulted in poor survival rates, alterations in brain histology, and cognitive dysfunction. However, administration of the H 2 -enriched saline solutions reversed these changes in a dose-dependent manner [208] . Hydrogen-enriched saline also reduced lung injury as indicated by increased gas exchange, reduced water retention in the lung, reduced nitrotyrosine content, maintenance of superoxide dismutase activities, and reduced histological changes in the rat lung tissue caused by sepsis [209] . The H 2 -enriched saline also significantly inhibited activation of p38 and NF-κB and suppressed production of several pro-inflammatory cytokines. The authors concluded that the effects of hydrogen were likely due to the antioxidant and anti-inflammatory properties of hydrogen [205] [210] .
As of this review, clinical studies on the effects of hydrogen on sepsis have yet to be reported [205] . However, the properties of hydrogen, including its rapid penetration of tissues and cells and ability to modulate oxidative effects without interfering with metabolic and signaling systems makes hydrogen a potentially useful treatment for sepsis [205] .
In terms of hydrogen use in the treatment of infections, there is a clinical report on the effects of hydrogen water on viral load, oxidative stress, and liver function in patients with chronic hepatitis B infections [210] . Sixty patients were randomized to two treatment groups with or without H 2 water. The H 2 water group consumed 1.2 -1.8 liter per day for 6 consecutive weeks, and serum oxidative stress, liver function and hepatitis B virus DNA levels were determined before and after routine treatment for hepatitis. Although there were no differences in the levels of alanine aminotransferase and viral load in both groups, significant differences were found in the activities of superoxide dismutase, glutathione S transferase and xanthine oxidase and levels of malondialdehyde that indicated excess oxidative stress in the control group not receiving hydrogen water (p < 0.01) [210] . Of note were the increases in superoxide dismutase and glutathione S transferase in the H 2 water group above controls, indicating the antioxidant properties of hydrogen water (p < 0.01). When the patients received treatment for their hepatitis B infections, liver function, monitored by the levels of alanine aminotransferase and total biliary acid, remained unchanged in the H 2 water group, but increased in the H 2 control group (p < 0.01 and p < 0.05), indicating the hydrogen protected the liver from treatment damage [210] . Since the activities of superoxide dismutase and glutathione S transferase in the H 2 -water group remained higher than in the controls after treatment, the hydrogen treatment increased the antioxidant status of the hepatitis patients. Previous studies showed that hepatitis patients show increased oxidative stress and reduced antioxidant capacities [211] . Thus hydrogen-enriched water was able to improve oxidative stress status in the chronic infection patients and reduce some of the adverse effects of hepatitis treatment.
Hydrogen Effects on Radiation and Cancer Treatment
Hydrogen exhibits beneficial effects on tissues in organ transplantation and in the treatment of cancers and skin diseases, among other uses [111] [212] . For example, during cancer radiotherapy ionizing radiation causes damage to normal tissues, especially lung, heart and other organs [91] [111] . These radiotoxic effects are mainly due to production of hydroxide (•OH) and to a lesser degree other radicals [213] that damage DNA, proteins, lipids and carbohydrates [213] - [215] . Since hydrogen can neutralize free radicals, such as •OH and other ROS/ RNS, this suggested that hydrogen might be useful as a novel protection agent for irradiated tissues [212] [216]- [218] .
Experimentally, hydrogen has been used to protect against various types of radiation damage in a variety of animal tissues [212] . Some examples are: skin [219] - [221] , intestine [216] , lung [111] [247] , and other tissues [212] . Of special clinical importance is the radioprotection of radiation-sensitive tissues, such as bone marrow, because these are the most likely to be damaged by radiation [212] .
The radioprotective effects of hydrogen were also found when human cells and tissues were examined [212] .
For example, treatment of human intestinal crypt cells, with or without hydrogen-rich phosphate-buffered saline before exposure to gamma radiation (up to 8 Gy), resulted in significant reduction of radiation-induced apoptosis and an increase in viability in the H 2 -enriched phosphate-buffered saline-treated cells [224] . In contrast, if the cells were treated with the H 2 -phosphate-buffered saline after radiation exposure, then the protective effects of hydrogen were not seen [224] . Hydrogen has also been used in cancer therapy. Direct treatment of skin cancers with hydrogen was first proposed by Dole et al. [225] . They used hyperbaric hydrogen to treat hairless albino mice with cutaneous squamous cell carcinomas. The mice were exposed to a 97.5% hydrogen-2.5% oxygen gas mixture at pressures of 8 atmospheres for periods up to two weeks to see if the gas mixture could cause regression of the skin tumors. They found that the skin tumors regressed and proposed that hydrogen might be useful for the treatment of other types of tumors by suppressing free radical production [225] . Later, Roberts et al. [226] examined the responses of five established transplantable mouse tumors and one mouse leukemia to hyperbaric hydrogen and found that H 2 gas could suppress the growth of tumor cells. The actions of molecular hydrogen were established as antioxidant (and therefore anti-oxidative stress), anti-inflammatory, and anti-apoptotic in animal systems [ [216] .
In clinical studies on the radiation treatment of liver tumors Kang et al. [227] studied the effects of hydrogen-rich water on quality of life (QOL) parameters. Acute radiation-induced side effects often include fatigue, nausea, diarrhea, dry mouth, hair loss, skin sores, loss of appetite, changes in taste, and depression [228] . To test if H 2 -enriched water reduced adverse effects of radiotherapy and improved QOL scores, these investigators enrolled 49 patients (33 men and 16 women) with hepatocellular carcinomas in a clinical study. The participants were randomized into H 2 -water and placebo water groups, and each patient received 5040 -6500 cGy of radiotherapy over a 7 -8 week period. During the course of therapy each patient consumed 1.5 -2.0 liters of H 2 -water or placebo control water each day. At the end of the treatment period all of the patients were evaluated for clinical response of their carcinomas to the radiotherapy and QOL determinations were made. Although the responses to radiotherapy were unchanged by the intake of H 2 -water, overall QOL scores were significantly improved in the H 2 -water group. For example, there were significant reductions in appetite loss and tasting disorders, but no differences in sleep parameters, diarrhea and vomiting [228] . During the course of the trial radiotherapy resulted in significant increases in serum hydroperoxide in the control group that were not seen in the H 2 -water group, indicating reductions in oxidative stress in the patients drinking H 2 -water. There were no differences found in liver function tests or blood tests, indicating that the H 2 -water was a safe and effective means of improving QOL in patients receiving radiotherapy [228] .
In order to prevent or retard human skin damage after UV exposure hydrogen-enriched water has been directly applied to the dermis [229] . The H 2 -water application prevented UV-induced ROS/RNS and the induction of damage-associated mRNAs for MMP-1 and COX-2, as well as proinflammatory cytokine mRNAs for interleukin-6 and interleukin-1β tissue. The application of H 2 -wateralso increased the expression of collagen genes [231] . When elderly human subjects were examined, their constitutive levels of expression of MMP-1, interleukin-6, and interleukin-1β were higher but could be significantly reduced (p < 0.01) with application of hydrogen-enriched water. The local application of H 2 -water also increased the expression of procollagen mRNA [229] . These studies indicated that H 2 -water has a radioprotective effect on skin, and H 2 -water can also reduce the increased expression of skin inflammatory cytokines.
An interesting potential use of hydrogen is its ability to protect against graft-versus-host disease (GvHD) [230] . Hematopoietic stem cell transplantation has been successfully used for the treatment of certain leukemias and other malignant and non-malignant hematologic diseases [231] . However, GvHD is a severe complication that can limit its application. Qian and Shen [230] have proposed that hydrogen therapy be used to reduce ROS/RNS important in the development of GvHD and reduce the levels of inflammatory cytokines that play a role in the development of GvHD.
Hydrogen in Skin and Aging
One of the most visible signs of aging is a change in the appearance of skin. Some of the hallmarks of aging skin include increased fragility and diminished collagen production, resulting in loss of elasticity and wrinkles. These negative characteristics are caused primarily by exposure to ROS/RNS that damage cellular proteins, membranes and DNA [224] [232].
The ROS concentrations in skin are among the highest of any other organ because of exposure to extrinsic environmental factors, such as ultraviolet light, ionizing radiation and pollutants. Cosmetic interventions to improve skin appearance-including pharmaceutical, surgical, and topical approaches-are considered temporary solutions, unless they deliver antioxidants to skin tissue and prevent ROS/RNS damage. Antioxidants effective in reducing ROS/RNS have been proposed to hold promise in improving skin structure and appearance [224] [233].
Antioxidants have been delivered to skin in lotions, creams and oils, and by bathing [232] [234]. For example, molecular hydrogen is considered a novel antioxidant for combating oxidative damage in skin and promoting a youthful appearance, and it has been used in water for bathing. By bathing daily for 3 months in H 2 -water (0.2 -0.4 ppm H 2 ), Japanese subjects showed significant improvements in neck wrinkles at the end of the 90-day bathing sessions [235] . This same publication examined the ability of H 2 -enriched water to stimulate production of type-1 collagen in skin fibroblasts and keratinocytes after UVA-exposure. They found that type-1 collagen synthesis was increased over 2-fold after 3 -5 days in the H 2 -enriched water samples compared to controls [235] .
Another approach has been to drink H 2 -water. Using healthy four month-old rats fed H 2 -enriched or control water the effects of H 2 -water have been examined in aging periodontal tissues [236] . The animals fed H 2 -water and control water were examined after 16 months. At this time, the animals were examined for the expression of inflammation-associated genes. Although the expression of interleukin-1β was not different between the two groups of animals, the H 2 -water fed group was found to have activated Nod-like receptor protein 3 inflammasomes in periodontal tissue. In addition, oxidative damage was determined in periodontal tissue by measuring the levels of 8-hydroxydeoxyguanosine (8-OHdG) as a marker for DNA damage. Over time 8-OHdG levels increased in the control group (p < 0.05), but in the H 2 -water fed group the levels of 8-OHdG were significantly lower than the control animals (p < 0.05). Also, the serum levels of 8-OHdG were examined. In the control group the serum levels of 8-OHdG increased in an age-dependent manner, whereas in the H 2 -water fed group the serum levels of 8-OHdG did not change during aging [236] .
When periodontal tissues were examined histologically in the H 2 -water and control water animals, the linear distances between the cemento-enamel junction and the alveolar bone crest were significantly lower in the H 2 -water fed group than in the control water group (p < 0.05). These authors also examined the level of alveolar bone loss for the medial root region of the first molar, but significant differences were not found. In addition, the numbers of TRAP-positive osteoclasts were lower in the experimental H 2 -water group than in the control group (p < 0.05), but there were no significant differences in the ratios of interleukin-1β-positive cells to total cells between the two groups [236] . Interestingly, examination of gene expression in H 2 -water and control animals revealed that the expression of inflammasome NLRP3-associated caspase-1, ASC and interleukin-1β in periodontal tissues was higher in the H 2 -water group (p < 0.05), whereas expression of NF-κB was significantly lower in the H 2 -water group (p < 0.05). Thus although drinking H 2 -water decreased oxidative damage to DNA, it did not suppress inflammatory reactions in aging periodontal tissue [236] .
The protective effects of hydrogen have also been examined in animals exposed to cutaneous burns [237] . Rats were divided into sham, burn plus saline, and burn plus H 2 -enriched saline groups and analyzed at various times (6, 24 and 48 hours) after burning by contact with a hot metal comb for 20 seconds. Indexes of oxidative stress, apoptosis and autophagy were measured in each group, and the zone of stasis was evaluated using immuno-fluorescence staining, ELISA, and Western blot analysis. H 2 -enriched saline, but not control saline, attenuated the increases in apoptosis and autophagy seen in burn wounds, as measured by the expression of TUNEL staining and the expression of Bax, Bcl-2, caspase-3, Beclin-1, and Atg-5 proteins. Additionally, H 2 -saline treatment lowered the level of myeloperoxidase and expression of inflammation markers tumor necrosis factor-α, interleukin-1β, and -6 in the zone of stasis while augmenting interleukin-10. The elevated levels of Akt phosphorylation and NF-κB p65 expression post-burn were also down-regulated by H 2 -saline treatment [237] . The results indicated that H 2 -enriched saline treatment reduces the inflammation associated with cutaneous burns.
When skin is burned, there are typically changes in the epidermis and dermis tissue. Sections of the skin from H 2 -saline and control saline treated animals were examined. The interspaces between two burn wounds in saline control animals gradually narrowed and had a tendency to merge following the burn, whereas the interspaces remained relatively stable at various time points in the H 2 -saline treated skin. Certain characteristics, such as severe epidermis layer thinning, epithelium nuclei elongation, and dermis layer swelling with collagen alterations, could be observed in the normal saline-treated animals, whereas in the H 2 -enriched saline-treated animals these changes were alleviated over time [237] .
Lipid peroxidation was also examined in the animals after burning their skin [237] . Skin tissue homogenates from the burn wounds reacted with thiobarbituric acid-reactive species (TBARS), a method that has been used to determine the malondialdehyde (MDA) levels. Tissue superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) and catalase (CAT) activities were also evaluated to determine the oxidative stress status in the skin tissues of burn wounds. The burn-induced increases in MDA were reduced in the animals treated with H 2 -saline, while the activities of endogenous antioxidant enzymes were significantly increased. The results indicated that H 2 -enriched saline treatment attenuates burn-induced oxidative damage in the burn-wounded tissue of rats by inhibiting oxidative stress and increasing the activities of endogenous antioxidant enzymes [237] .
Pressure ulcers are a routine problem in long-term hospitalization of aged patients. Li et al. [238] examined the effects of H 2 -water in 22 elderly Japanese patients (mean = 86.7 ± 8.2 years) with pressure ulcers. The purpose of this study was to clarify the clinical effectiveness of H 2 -water given by tube feeding. All patients received routine care treatments for pressure ulcers in combination with H 2 -water (600 mL per day) for partial moisture replenishment. Routine care included: ointment, gauze dressing, wrapping, and bed-pad use after washing by the acidic water disinfection. Pressure relief modalities and nutritional support were also employed. The 22 patients were divided into two groups: an effective care group (EG, n = 12) and a less effective group (LG, n = 10) according to the outcomes of endpoint evaluation and healing criteria. Pressure ulcer hospitalization days in EG patients were significantly shorter than in LG (113.3 days versus 155.4 days, p < 0.05), and the reduced rate was approximately 28.1% less. In both the EG and LG groups the wound size reductions (91.4% and 48.6%, respectively) were statistically significant with the intake of H 2 -water (p < 0.05). The results demonstrated that H 2 -water intake via tube feeding reduced wound size in hospitalized elderly patients with pressure ulcers [238] .
Hydrogen in Reproductive Tissues, Pregnancy, Neonatal Development and Newborns
For successful reproduction healthy gametes (haploid cells) are necessary. The process of gamete formation takes place in the male and female gonads following meiotic cell divisions in the testis and ovaries. Oxidative stress during gamete formation is a potential risk and can lead to problems in fertility [239] - [243] . Bearing this in mind, hydrogen treatment has been used experimentally to reduce oxidative stress in both sexes. Experiments performed in animal models have shown that H 2 -enriched saline can protect rats and mice testis against oxidative stress that occurs during ischemia/reperfusion injury or oxidative stress induced by nicotine [244] . Ischemia/reperfusion injury in testis can also be produced by torsion-detorsion movements, which causes irrigation to testes to be diminished. Administration of H 2 -enriched saline (5 ml/Kg) by intraperitoneal injection immediately after the injury reduced the testis levels of several oxidative markers, such as superoxide dismutase and MDA, compared to those animals in which no treatment was given [244] .
Cigarette smoking and nicotine exposure, a common worldwide problem, also increases oxidative stress. By mechanisms that are still not clear, it has been shown that long-term nicotine exposure related to cigarette smoking increases oxidative stress in testis [245] . Mice with nicotine-induced oxidative damage in testis treated with long-term H 2 -enriched saline (6 ml/Kg) showed reduced damage in their gonads [244] .
Other factors can also damage sperm. For example, sperm cells in gonads are especially susceptible to radiation. One of the mechanisms implicated in radiation damage to testes is the production of hydroxyl radicals [246] . Use of H 2 -saline pretreatment in mice exposed to ionizing radiation resulted in diminished radiation damage, such as reductions in lipid peroxidation, oxidation of proteins, and DNA damage, in testicular tissue. The number and quality of sperm after hydrogen treatment was also improved, and this has been related to reduced oxidative damage [247] . For example, the production of •OH in sperm, as monitored by spin-trapping methods, was diminished up to 80% by suspending them in media containing 0.8 mM H 2 . In addition, apoptotic morphological modifications as well as chemical changes characteristic of apoptosis (measured by TUNEL terminal deoxy-nucleotidyl-transferase-mediated dUTP nick-end labeling) were reduced by 40% after H 2 treatment. In addition, daily sperm production and their quality can be evaluated by staining with WR-2721 [S-2-(3-aminopropylamino)ethyl phosphorothioic acid], and high-quality sperm could be increased up to 30% after exposure to ionizing radiation and treatment with hydrogen compared to radiation alone [247] .
An essential factor in male fertility is sperm motility. Sperm motility, which can be assessed by Computer Assisted Sperm Analysis, can be used to predict male fertility [248] [249]. Oxidative stress can diminish both sperm motility and fertility [250] [251]. However, after hydrogen exposure, the forward motility of human sperm was found to increase from 17.5% to 40% after treatment with hydrogen for 30 minutes. This increase in motility of the hydrogen-treated sperm was also preserved in treated and frozen sperm, in comparison with nitrogen-treated controls. In agreement with this finding, exposure to hydrogen also restored and improved mitochondrial potential, as evaluated by fluorescent redox dyes, indicating that hydrogen could be a promising new therapy for male infertility [252] . During embryo development and pregnancy, oxidative stress can lead to different tissue alterations and newborn diseases [253] [254] . The use of hydrogen as a possible therapeutic approach for diseases during pregnancy has been tested in vitro with trophoblast cell lines (JAR, JEG-3) [255] . This is important, as treatments with antioxidant vitamins (C and E) have been shown to be detrimental on placental function, as determined by decreased cell viability, decreased secretion of hormones and increased production of tumor necrosis factor-α. In contrast to vitamins, hydrogen does not cause any detrimental effects. Moreover, molecular hydrogen promoted the secretion of human chorionic gonadotrophin (hCG) by these cells, suggesting that hydrogen might be a suitable antioxidant for the management of diseases, such as preclampsia during pregnancy [255] . The administration of hydrogen to pregnant rats has been reported to be beneficial for ischemia/reperfusion injury and hippocampal damage in fetal rats [256] . In these animals, ischemia/reperfusion injury was performed by transient occlusion of the bilateral utero-ovarian arteries. Two days before the operation to evaluate fetal damage and placental status rats drank H 2 -enriched water. When H 2 -enriched water was administered to the rats, their placenta showed less evidence of oxidative damage, and in the fetal tissues less neuronal damage was found in CA1 and CA3 hippocampal regions. Oxidative stress markers were also ameliorated when H 2 -enriched water was given to the rats. These studies suggest that hydrogen intake by pregnant mothers may prevent hippocampal damage produced by ischemia/reperfusion injury in the offspring [256] .
Newborns have a high risk of excess oxidative stress during birth and in the first previous and post-partum months due to an increased rate of hypoxia or ischemia [257] . With that rationale in mind, several experiments in animal models have been performed in neonates. The first series of experiments performed in 2009 showed that hydrogen gas is not effective when there is moderate or severe hypoxia and ischemia in neonatal rats [258] . If there is any asphyxia during birth, neurovascular dysfunction is seen shortly after in an event known as delayed neurovascular dysfunction [259] . Hydrogen-treated newborn pigs showed less cerebrovascular reactivity of pial arterioles compared to those that received no treatment after asphyxia. Thus hydrogen had a neuro-protective effect during these accidents of birth [259] .
Hemorrhage of the germinal matrix (GMH) is a neurological disease associated with low-weight premature birth leading to hydrocephalus, cerebral palsy, and mental retardation [260] [261] . The occurrence of the disease is related to oxidative stress [262] . The inhalation of hydrogen gas early after neonatal GMH reduced the incidence of cerebral palsy and mental retardation in treated rats [263] . This was evaluated at juvenile stages. Brain atrophy, splenomegaly and cardiac hypertrophy were also normalized one month after injury. These results suggest that the inhalation of hydrogen gas in low-weight premature neonates could be an important method for reducing GMH and its consequences [263] .
Finally, necrotizing enterocolitis (NEC, inflammation and death of intestinal tissue) can also be observed after premature birth, leading to increased mortality [264] . In rat models of this disease it has been shown that the administration of hydrogen-rich saline to neonates is an effective way to protect premature neonates from NEC, which usually takes place two weeks after premature birth [265] . NEC can be induced in neonate rats by formula feeding plus asphyxia and cold stress. In this animal experiment the neonates were administered hydrogen intraperitoneally with H 2 -enriched-saline (10 ml/Kg) or normal saline before asphyxia was induced twice daily in 10 min periods. Monitoring of rat neonates continued up to 96 hours after birth and then several indicators of injury by NEC, such as body weight, histological NEC score, survival time, malondialdehyde anitoxidant capacity, inflammatory mediators, and integrity of the mucoses, were evaluated. On average, H 2 -enriched saline pretreatment reduced the damage scores by an average of 40%. With hydrogen pretreatment the survival rate was increased by 172% (from 25% to 68%) [265] .
Hydrogen in Inflammatory Diseases
Inflammation is an innate cellular and humoral response that takes place in a multicellular organism after an in-jury in an attempt to restore the organism to its preinjury state by removing one or more injurious agents, repairing injured tissue, or both [266] . More than the timing of the response, it is the nature of the inflammatory cells that are immediately involved in the inflammatory response and its resolution after an injury to tissue that classifies inflammation as either acute or chronic. An early marker of an acute inflammatory response is the adhesion of neutrophils to the vascular endothelium or blood vessels, a phenomenon known as "margination." Acute inflammation is almost totally resolved by tissue response to the injuring agent. In contrast, chronic inflammation is characterized by its persistence or lack of resolution when the response is unable to overcome the effects of the injuring agent [266] . Both inflammatory processes are important mechanisms of defense against injuries, and they are associated with increased levels of ROS and RNS generated by the respiratory bursts of immune cells related to the inflammatory response. The increase of ROS/RNS species has two consequences: 1) oxidative/nitrosative modifications of biomolecules, and 2) the reversible triggering of ROS/RNS signaling cascades that strongly modulate the inflammatory response [267] [268] . Inflammation can also be classified with regard to the nature of the injuring agent. For example, it can be the result of a biological or non-biological event, such as an infectious inflammation or a sterile inflammation (trauma, chemicals, ischemia/reperfusion) [267] .
Hydrogen has been used to treat both biological and non-biological inflammation. For example, studies with zymosan treatment or using sepsis as a model have utilized hydrogen treatment. Zymosan is a glucan polysaccharide usually found in fungus, and it has been used to promote generalized inflammation in animal models. The inhalation of 2% H 2 gas in mice for 1 -6 hours post-zymosan injection improved the survival rate at day 14 after the injection from 10% to 70% [43] . The organ damage, as monitored by multiple biomarkers, such as aminotransferases, urea, and creatinine, as well as histopathological organ studies, was significantly reduced in all cases after H 2 gas inhalation. Additionally, it was found that inhalation of H 2 gas decreased oxidative products and proinflammatory cytokines, while it increased antioxidant levels [43] . Another form of acute inflammatory response, sepsis, has been discussed in another section of this review. It is interesting that H 2 -enriched saline stimulates recovery of generalized organ function in rat models of polymicrobial sepsis, resulting in decreased proinflammatory responses, oxidative stress, and apoptosis [269] .
General Inflammation can be observed during allogeneic hematopoietic stem cells transplantation in hematological diseases undergoing acute-graft-versus-host disease (aGvHD). This complication is often lethal, and it decreases the efficacy of therapy and worsens prognosis in these patients. Inflammatory agents, such as cytokines, including interleukin-6 and ROS (such as hydroxyl radicals), play critical roles in GvHD. As previously discussed in this review, hydrogen lowers the expression of pro-inflammatory agents and acts as a powerful scavenger for hydroxyl radicals. Experiments done with bone marrow transplantation in mice with the complication of GvHD showed that exposure to hydrogen-rich saline solutions after transplantation results in an increase in the survival rate and improvements in all biomarker scores used for monitoring GvHD [270] .
Autoimmune disorders occur when the immune system of an organism attacks and destroys healthy body tissue by mistake. More than 80 types of autoimmune disorders have been described [271] . Patients may have several autoimmune disorders at the same time. Though the ultimate causes of autoimmune disorders remain unknown, it is believed that this disorder is related to certain individuals as well as unique antigens from bacteria, viruses, and fungi that can confuse the normal responses of the immune system and result in recognition of self as foreign. The results of this can be an immune attack on self-antigens and promotion of inflammatory reactions, leading to destruction of body tissue, changes in organ function or abnormal growth of tissues [272] .
Among the more common autoimmune conditions, rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by joint dysfunction. The joints affected are usually symmetrical, involving hands, knees and other joints, with symptoms often being the most severe in the morning. RA causes pain, swelling, and stiffness in the joints, and in time this may cause severe joint damage, loss of function, and eventual disability. The disease can last from months to a lifetime, and symptoms may improve and then worsen over time. At variance with osteoarthritis, which is limited to the joints, RA is a systemic disease that involves other body systems. Over time, both forms of arthritis can coexist in the same patient [273] . As an example of a systemic manifestation, RA is also associated with an increased risk of atherosclerosis and cardiovascular disease [274] .
Chronic inflammation and increased ROS/RNS production with a central role for the hydroxyl radical in RA have been proposed to explain the destruction of bone and cartilage, two of the most common sites of damage in most types of RA. Clinical groups in Japan have been pioneers in studying the possible therapeutic use of hydrogen in RA patients. For example, a pilot study performed in Japan with 20 RA patients showed that drinking daily 530 ml of H 2 -enriched (5 ppm) water for a total of 8 weeks resulted in the reduction of biomarkers of RA damage, such as urinary 8-hydroxydeoxyguanine (8-OHdG) and DAS28 (C-reactive protein), of 14.3% and 21.1%, respectively, after one month (p < 0.05). After two months of consuming hydrogen-enriched water, urinary 8-OHdG was stable and DAS28 showed a further decline of 20.41% (p < 0.05). Interestingly, after hydrogen treatment in 5 of the patients with early manifestations of RA, 4 of them showed complete remission of the disease, becoming symptom-free with no further evidence of elevations in biomarkers of the disease [274] [275] . Treatment with hydrogen also proved useful in preventing RA-related atherosclerosis [274] .
Additional clinical trials with RA patients were also demonstrative. A double-blind, placebo-controlled trial in 24 patients receiving 500 ml/day of H 2 -enriched (1 ppm) saline intravenous infusions for 5 days during a 4-week period showed the impact on biomarkers for RA, such as urinary 8-OHdG, DAS28, tumor necrosis factor-α, interleukin-6, and matrix metalloproteinase-3. There was a 30% reduction in DAS28 in the hydrogen treatment group compared with placebo after a 4-week period of treatment (p < 0.05). The placebo-control patients showed no change in the levels of DAS28. Additionally, interleukin-6, matrix metalloproteinase-3 and urinary 8-OHdG were also reduced by 37.3%, 19.2% and 4.7%, respectively, in the hydrogen treatment group (p < 0.05). In contrast, the levels of interleukin-6 and matrix metalloproteinase-3 increased in the placebo group by 33.6% and 16.9%, respectively (p < 0.05). Tumor necrosis factor-α levels did not change significantly in the H 2 -saline or placebo groups [276] .
There are also other conditions associated with RA. For example, skin lesions like psoriasis are often observed in RA patients. The administration of H 2 -enriched (1 ppm) saline by intravenous infusion, drinking H 2 -enriched water (5 ppm), or using 3% H 2 gas inhalation over a period of 4 weeks improved all of the symptoms of psoriasis (psoriasis area severity index, PASI, or biomarkers DAS28 and interleukin-6) by an average of 20% in three patients (p < 0.05). The psoriatic lesions almost disappeared in all of the patients treated with hydrogen [277] .
Hydrogen treatment has also been tested in molecular and general models of inflammation in animals. It has been shown that hydrogen interferes with nitric oxide (NO) pathways that have been implicated in the generation of peroxynitrites. In particular, the lipopolysaccharide/interferon-γ-induced NO production in murine macrophage RAW264 cells was reduced upon hydrogen exposure. This result, in turn, was associated with a reduction of the inducible isoform of nitric oxide synthase (iNOS). Treatment with H 2 inhibited lipopolysaccharide/ interferon-γ-induced phosphorylation of the apoptosis signal-regulating kinase 1 (ASK1) and its downstream signaling molecules, such as p38 MAP kinase, JNK, and IκBα. Drinking H 2 -water also ameliorated the levels of anti-type II collagen antibody-induced arthritis in mice (an animal model for human RA) [278] .
Injection of carrageenan polysaccharides into mice paws can generate acute inflammation with edema, presence of lipopolysaccharide-activated macrophages, secretion of tumor necrosis factor-α by macrophages and infiltration of neutrophils [279] . All these parameters were mitigated by an average of 40% after 4 hours of injection of H 2 -enriched saline (2.5 to 10 ml/Kg) (p < 0.05) [279] . Consumption of H 2 -water by mice also improved lipopolysaccharide-induced neuroinflammation [280] . Molecular hydrogen reduced the symptoms promoted by lipopolysaccharide injection. It was also associated with promotion of anti-inflammatory gene expression, such as down-regulation of tumor necrosis factor-α, up-regulation of interleukin-10 and general regulation of cytokine expression towards anti-inflammatory profiles. The results showed that in addition to its role in reducing the oxidative stress during inflammation, hydrogen is also beneficial in promoting changes in the expression of the modulatory agents of inflammation [280] . In cell culture, H 2 is also able to promote the expression of the gene heme-oxygenase-1 (HO-1). This result demonstrated that H 2 contributes to the anti-inflammatory effect in lipopolysaccharide-stimulated macrophages (RAW 264.7) by inducing the expression of anti-inflammatory molecules [281] .
During inflammation the endothelia of blood vessels suffer dramatic changes, such as leukocyte conglutination and endothelium permeability. In lipopolysaccharide-treated vein endothelial cells it was observed that H 2 -rich media promoted reductions in vascular cell adhesion protein (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and E-selectin levels, as well as trans-endothelial electrical resistance. This indicated that hydrogen can reduce the increased permeability of endothelial cells found during lipopolysaccharide-induced inflammation. In addition, the expression of VE-cadherin, which diminishes the permeability of the endothelium, was also increased [282] . Consistent with these results, it was shown recently that H 2 is able to inhibit the adhesion of monocytes and polymorphonuclear neutrophils to endothelia, while the expression levels of the proinflammatory marker Rho-associated coiled-coil kinase (ROCK) were diminished by the hydrogen-enriched medium [283] .
The role of hydrogen in reducing inflammation in specific organs has also been studied in detail in several animal models. At the gastrointestinal level, it has been reported that hydrogen-rich saline has a protective effect, for example, in ulcerative colitis in rats induced by acetic acid [284] . Intraperitoneal administration of hydrogen in 10 -20 ml/Kg of H 2 -enriched saline solutions for a period of 2 weeks diminished various macroscopic and microscopic indicators of colonic mucosal damage. An interesting aspect of this work is that it also demonstrated that, in addition to its antioxidant role, hydrogen inhibited the expression of vascular endothelial growth factor [284] . In neonatal rat models, it has been shown that hydrogen-rich saline reduced the incidence of necroziting enterocolitis (NEC) from 85% to 54.5%, while increasing the survival rate from 25% to 68.2% (p < 0.05) [265] . Hydrogen-rich saline also inhibited the expression of pro-inflammatory mediators, such as iNOS, tumor necrosis factor-α, interleukin-6 and lipid peroxidation, while enhancing the total antioxidant capacity [265] . Hydrogen-rich saline and water were also effective in reducing gastric inflammation induced by aspirin or acute peritonitis in rats [285] [286] .
Inflammation of critical glands for digestion and metabolism, such as the liver and pancreas, have also been reported to be treatable with hydrogen. Regarding the liver, it is well established that reducing oxidative stress improves the prognosis in acute and chronic hepatitis [287] . Studies with hydrogen have also been performed in humans infected with hepatitis B [288] . In one study, 30 patients drank H 2 -enriched water (1200 -1800 ml/day, twice a day), for 6 weeks. After that period of time oxidative stress markers were measured and the values were compared with those before treatment and with patients who drank normal water. All of the oxidative stress markers were significantly reduced in all the patients who drank H 2 -enriched water (p < 0.01). However, the authors reported that the results relating to liver function and hepatitis B virus DNA levels were inconsistent, especially after long-term treatments [288] . Biomarkers of acute pancreas inflammation in rats, induced by taurocholate, were significantly improved by intravenous injection of hydrogen-rich saline (p < 0.05). Some of the markers explored were Serum tumor necrosis factor-α, interleukin-6, and interleukin-18 [289] . In the pancreas, H 2 -enriched saline reduced the histopathological score as well as the levels of malondialdehyde (MDA), myeloperoxidase (MPO) contents and the expression of tumor necrosis factor-α and intercellular adhesion molecule-1 mRNAs [289] . It has also been reported in mice that hydrogen-rich saline inhibits the activation of the NLRP3 inflammasome, while ameliorating acute pancreatitis [290] .
At the cardiorespiratory level, hydrogen has been used to treat specific inflammation of the heart and lungs. Inflammation in the heart, as a result of ischemia/reperfusion injury, has been discussed in the corresponding section in this review. It has also been tested in rat models of regional myocardial ischemic reperfusion injury. Hydrogen-enriched saline solutions diminished the levels of biomarkers of inflammation, such as neutrophil infiltration, 3-nitrotyrosine, myeloperoxidase activity, tumor necrosis factor-α, interleukin-1β and the expression of ICAM-1. Consistent with this, heart function parameters also improved in rats treated with hydrogen-enriched saline [82] .
Recently, it has been reported that hydrogen-rich saline alleviates symptoms in rats with severe burns and inflammation with delayed resuscitation [291] . The mortality rate, cytokine levels, and oxidative stress biomarkers were all improved after treatment with H 2 -enriched saline. A likely intermediary signal in this process was the inhibition of the nuclear factor NF-κB [291] .
Oxidative stress also plays a key role in chronic obstructive pulmonary diseases (COPD). It has been hypothesized that the inhalation of hydrogen may improve lung function in COPD [292] . It has been shown in murine models of asthma that H 2 -enriched saline reduces airway remodeling and inflammation via inhibition of the NF-κB transcription factor pathway [293] .
Regarding urinary tract inflammation, hydrogen solutions have been used in patients with interstitial cystitis and painful bladder syndrome (IC/PBS). In this study, 30 patients were mostly female, of average age 64 years, with stable clinical scores for IC/PBS lasting more than 12 weeks. They were treated with H 2 -enriched water or placebo for 8 weeks. Although hydrogen intake did not change significantly the IC/PBS clinical scores during the study, there were improvements in pain perception in 11% of the patients [294] .
Maternal inflammation is a critical determinant in preterm births, yielding respiratory malfunction in premature infants. This has been studied in pregnant rats where maternal inflammation was induced by intraperitoneal injection of lipopolysaccharide. Hydrogen-enriched water administered 24 hours before lipopolysaccharide injection diminished the biomarkers related to inflammation, oxidative damage, and apoptosis in comparison with those rats that had liposaccharide-induced inflammation without hydrogen treatment [112] .
It has also been reported that use of H 2 -enriched saline in mice protects immune system function and spleen inflammation induced by radiation. Biomarkers of oxidative stress, inflammation, apoptosis and immune response capacity were all improved after hydrogen-enriched saline administration [295] .
Hydrogen in Injuries
Injuries can cause damage to the body, organs, tissues, or cells, and can be produced by physical, chemical or biological means. An important cause of injury worldwide is body trauma, leading to disability or death [296] . Hydrogen has been experimentally used as an adjuvant to treat injuries in various organs of the body, particularly in the brain, lungs, kidney, retina, and glands, such as liver and pancreas. Traumatic brain injury (TBI) is a major cause of mortality and disability among the young, and a major problem for modern society. Brain edema, blood-brain-barrier breakdown, and neurological dysfunction can be observed in TBI. In addition, acute TBI can be transformed into a chronic injury, and this is a risk factor for neurodegenerative diseases, such as Parkinson's and Alzheimer's diseases [296] . Experimental exposure of rats with TBI to inhalation of 2% H 2 gas from 5 min to 5 hours after the injury (or surgery to treat the damage) resulted in significant reductions in oxidative stress biomarkers and brain edema, blood-brain barrier breakdown and neurological dysfunction [126] [127] . Mice with TBI induced by controlled cortical impact were also given H 2 -enriched water. Hydrogen-rich water reversed the brain edema by about one-half, blocked tau expression, attenuated the expression of inflammatory cytokines and restored the expression and activity of matrix metalloproteinase-2 and matrix metalloproteinase-9. In addition, ATP levels were restored, suggesting the hydrogenenriched water could be of benefit as a preventive agent to avoid neurodegenerative changes associated with acute TBI [297] .
Brain injury can also be observed after hemorrhages, such as subarachnoid hemorrhage (SAH). This condition is associated with neuronal apoptosis triggered by the nuclear transcription factor NF-κB. In such cases, early brain injury plays a key pathogenic role for the development of SAH. Intraperitoneal injections of hydrogen-rich saline in rabbits significantly reduced post-SAH apoptosis, diminishing NF-κB activity and other apoptosis biomarkers, such as Bcl-xL and caspase-3 [298] . Results obtained in rats treated with hydrogen-rich saline suggest that a protective role for hydrogen in SAH apoptosis could be explained using the Akt/GSK3β pathway [299] . A recent report emphasizes the critical role in SAH apoptosis due to the suppression of inflammatory responses through NF-κB and NLRP3 inflammasomes [300] . Additional benefits of hydrogen treatment have also been reported in animal models for other types of brain injury, such as those promoted by cardiac arrest and cardiopulmonary resuscitation [128] , survival of retinal ganglion neurons after optic nerve crash [301] and neuroinflammation by sepsis [130] .
The lungs can be injured by a variety of mechanisms. Hydrogen-rich saline has been shown to reduce lung injury promoted by intestinal ischemia/reperfusion in rats. Hydrogen-rich saline treatment diminished neutrophil infiltration, lipid membrane peroxidation, NF-κB activation, and increases in pro-inflammatory cytokines (interleukin-1β and tumor necrosis factor-α) in lung tissues, compared with controls without hydrogen treatment [103] . Lung injury produced by extensive burns [109] , irradiation [111] , or lipopolyscharide treatment [113] are also ameliorated by hydrogen treatment in animal models (rats and mice). Acute lung injury (ALI) can also be observed during sepsis. Cecal ligation and puncture is a model for producing ALI. Hydrogen-rich saline treatment in this model for ALI improved significantly lung function and gas exchange, and diminished oxidative stress and inflammation biomarkers [302] . Early fluid resuscitation and hydrogen inhalation in rats injured by sepsis have also been shown to have less lung and intestinal injury [303] . Interestingly, nitric oxide inhalation has been used to treat ALI with moderate success. However, the adverse effects of production of some toxic free radicals (ROS and RNS) remain. Since hydrogen is a scavenger for ROS/RNS species, combination therapy with NO plus H 2 in mice with ALI has been used to improve on the results of inhalation of NO alone [114] .
Cigarette smoking is the leading cause of chronic obstructive pulmonary disease (COPD) and a major cause of lung injury worldwide. Oxidative stress is a key factor that determines abnormal mucus production in lung diseases promoted by cigarette smoking. Hydrogen-enriched saline pretreatment of rats by intraperitoneal injection before exposure to cigarette smoke diminished oxidative stress and proinflammatory biomarkers at the level of the pulmonary epithelia and lungs [112] . Histopathological measurements also indicated that hydrogenenriched saline pretreatment inhibits the cigarette smoke damage that induces abnormal mucus production and pulmonary epithelial injury. This effect was partially explained by the antioxidant properties of hydrogen and its ability to inhibit the expression of proinflammatory agents [304] . ALI produced by cigarette smoking is also at-tenuated by intraperitoneal injection of hydrogen-saline in rats, inhibiting the pro-apoptotic pathways as well [305] . Finally, the gaseous emissions of laser printers and photocopiers have been associated with pulmonary health problems in chronic fatigue syndrome patients because of lung injury. A series of metals and volatile organic compounds in toners are thought to be the cause. It has been hypothesized that hydrogen treatment could be of benefit in this occupational exposure [306] .
Kidney injury is a fairly common event and can be produced by a variety of mechanisms, such as chemotherapy associated with cancer, ureteral obstruction, hypertension, rhabdomyolysis, severe burns, contrast liquids for imaging techniques, pancreatitis, among other events. In chemotherapy, cisplatin is a widely used drug, but its application is limited by nephrotoxicity. Hydrogen-enriched water and hydrogen inhalation has been shown in mice to reduce kidney damage by cisplatin, without impairing the anti-tumor properties of cisplatin [47] . Carcinogens like ferric nitrilotriacetate promote the apparition of tumors in the kidney after renal injury. Consumption of hydrogen-enriched water by rats after intraperitoneal injection of ferric nitrilotriacetate alleviated kidney injury and the early promotion of tumors in the kidney. This effect was evaluated with histological and functional biomarkers for the kidney as well as biomarkers for oxidative stress and inflammation. The oxidative stress markers were all diminished by hydrogen consumption [336] . Hydrogen-rich saline (5 ml/Kg for ten days) also reduced renal injury scores promoted by unilateral ureteric obstruction in rats [307] .
Hypertension is a major cause of kidney injury worldwide. Oxidative stress is an important factor in hypertension and renal disease. In spontaneously hypertensive rats, drinking H 2 -enriched water for 3 months alleviated renal injury by diminishing oxidative stress, as measured by the reduction of oxidative stress biomarkers. In addition, the pro-inflammatory biomarkers were also reduced by hydrogen ingestion. The results from this report suggest that the ingestion of hydrogen-enriched water is a promising strategy to reduce renal injury in hypertensive patients [308] [309] . Another major cause of acute kidney injury (AKI) is rhabdomyolysis, which occurs with increased renal oxidative stress and inflammation [310] . Rhabdomyolysis can be induced in rats by intramuscular glycerol injections, and the effects of hydrogen can be assessed by measuring creatine-kinase levels. In this rat model renal function and histology were monitored by serum creatinine, urea and histologic analysis. Biomarkers for oxidative stress and pro-inflammatory responses were also measured in the kidney. The pretreatment of rats with either high or low doses of hydrogen-rich saline improved renal health and reduced the systemic biomarkers for oxidative stress and inflammation, suggesting a protective role for hydrogen in injury produced by rhabdomyolysis [310] .
AKI can also be found in severely burned patients or animals. Hydrogen-enriched saline treatment reduced the appearance of AKI in severely burned rats through the combined reduction of oxidative stress, proinflammatory cytokines, and apoptotic agents, as measured by a reduction of various biomarkers after H 2 -enriched saline administration [311] . AKI can be observed by the use of contrast media and image analysis. In rats injected with loversol and inhibitors of prostaglandin and nitric oxide synthesis, AKI can be induced and monitored using the above methods. In this rat model, inhalation of hydrogen reduced the biomarkers of apoptosis and oxidative stress and reduced the induction of AKI [312] . AKI is also found during pancreatitis. A rat model for acute pancreatitis was developed by taurocholate injection. Using the pancreatitis model rats were injected with hydrogen-rich saline, and this was found to diminish oxidative stress and proinflammatory biomarkers in the kidney compared to untreated animals [313] .
In diabetic patients the retina can be injured causing diabetic retinopathy. Diabetic retinopathy is a major cause of blindness in developed countries [314] . Using rats a disease similar to Type I diabetes can be obtained by injection of streptozotocin. Hydrogen-rich saline (5 ml/Kg, 4 weeks) was intraperitoneally injected into streptozotocin-induced diabetic and control rats. Retinal apoptosis and vascular permeability biomarkers were assessed after hydrogen treatment and were reduced by the gas. The results suggested a potential use of hydrogen for the treatment of diabetic retinopathy [315] .
Inflammation in the retina also produces tissue injury. Lipopolysaccharide-induced retinal microglia activation was explored, with and without hydrogen gas treatment in rats. Proinflammatory biomarkers were markedly reduced in the injured retina by the treatment of the rats with hydrogen gas, suggesting a role for the gas in the control of the expression of pro-inflammatory and pro-apoptotic agents [121] . Light can also promote retinal injury and degeneration through promotion of oxidative stress, and this damage can be monitored via electro-retinograms and histological scores [316] . Intraperitoneal injection of H 2 -enriched saline into rats improved retinal function and morphology after light-induced retinal damage [63] . Glaucomatous neurodegeneration is another major cause of retinal injury. Oxidative and nitrative processes play a key role in the pathogenesis of this dam-age. Using cultured adult rat retinal cells that were exposed to increased oxidative stress by introducing the nitric oxide donor S-nitroso-N-acetylpenicillamine, the response of retinal cells could be examined in the presence or absence of hydrogen. In this experiment, hydrogen diminished oxidative stress damage in the cultured retinal cells and diminished the loss of mitochondrial inner membrane potential and reduced apoptosis, presumably through a scavenging role of peroxynitrite. This in vitro experiment suggested that hydrogen might be of use in treating and preventing retinal injury induced by glaucoma [122] .
Finally, hydrogen has been used to treat liver, pancreas, and heart injuries, or moderate damaged to cells from these organs in tissue culture. Liver injury is often observed after the use of common drugs like acetaminophen. Intraperitoneal H 2 -enriched saline (5 ml/Kg), administered to mice, diminished the liver lesions induced by acetaminophen; oxidative and proinflmmatory liver biomarkers were also reduced in the acetaminophen-injected animals. This suggested a liver-protecting role for hydrogen and protection against drug-induced hepatotoxicity [317] . Pancreatitis can be also induced by trauma. Hydrogen-saline has been used to lower oxidative stress biomarkers and reduce the severity of trauma-induced pancreatitis in rats [318] . In cultured heart cell lines (H9c2), hydrogen has been reported to reduce the injury induced by glucose and serum deprivation mediated through the NF-E2 related factor-2 (Nrf2)/heme oxygenase 1 signaling pathway [319] .
Hydrogen in Exercise and Sports Medicine
Intense exertion during acute physical exercise results in an increased concentration of ROS/RNS in skeletal muscle. Such oxidative stress in skeletal muscles can lead to muscle weakness and fatigue, microinjury, and inflammation. Oxidative stress-induced pathogenic changes in skeletal muscle may include DNA mutations, lipid peroxidation, mitochondrial dysfunction, and apoptosis/necrosis [320] [321] .
Most studies on the effects of hydrogen on physical stress and exercise involve the use of hydrogen-enriched saline or water [322] - [324] . The benefits of hydrogen-rich saline in ischemia-reperfusion of skeletal muscle have been examined in a rat model. Ischemia was induced in rats by application of a hind limb tourniquet for 3 hours, followed by 4 hours of reperfusion. Three experimental groups of male Sprague-Dawley rats were used: sham control (group 1); I/R treated with normal saline (group 2); and I/R treated with H 2 -enriched saline (group 3) [322] . Normal saline or H 2 -enriched saline (1.0 mL/100g) was administered intraperitoneally 10 min before reperfusion, and muscle and serum samples were analyzed for the levels of myeloperoxidase (MPO), superoxide dismutase (SOD), malondialdehyde (MDA), and hydroxyl radical (•OH) at various times in the model [322] .
In the rat muscle ischemia/reperfusion model the wet/dry ratio increased significantly in the I/R group compared with that in the sham group (p < 0.01) and decreased significantly in the hydrogen-rich saline group (p < 0.01). Muscle tissues and serum of the I/R group showed significantly increased levels of MPO, MDA, and •OH content and decreased SOD activities, compared with the sham control group. The activity of SOD in the I/R group treated with H 2 -enriched saline was greatly elevated compared to the I/R group (p < 0.01), whereas the levels of MPO, MDA, and •OH content were clearly reduced in muscle tissues and serum. The integrated optical density of positive amethyst staining increased significantly in the I/R group, compared to the sham control group, and this decrease was significantly in group 3 (I/R with H 2 -enriched saline) compared with group 2 (I/R without H 2 -enriched saline). Muscle tissues of group 2 (I/R group) rats had significantly increased levels of the following: BCL2-Associated X Protein (BAX); cytochrome c, a component of the electron transport chain in mitochondria; and LC3B antibody content. There were also decreased levels of BCL2 activities compared with those in the group 1 (sham control) animals. The activity of BCL2 in the group 3 (I/R with H 2 -enriched saline) rats was significantly elevated, compared with I/R without H 2 -enriched saline, whereas the levels of BAX, cytochrome c, and LC3B content were reduced (p < 0.01). The authors concluded that H 2 -enriched saline was an effective agent for attenuating I/R injury in rat skeletal muscle "via its antioxidant, anti-apoptosis, and anti-autophagy effects" [322] .
Another animal study was designed to identify changes in oxidative stress and antioxidant levels in five treadmill-exercised Thoroughbred horses (3 to 7 years old) [323] . The BAP (Biological Antioxidant Potential) test was utilized to estimate antioxidant markers in the blood, and diacron-reactive oxygen metabolites (d-ROMs) were used to determine the total amount of free radicals in the blood and cerebrospinal fluid. Both are indicators of oxidative stress. To study the effects of H 2 -enriched water, animals were given nasogastric hydrogen-rich water or placebo water preceding the treadmill exercise. Each horse was subjected to a maximum exhausting level of treadmill exercise and blood samples were taken at various times. In all horses, d-ROMs tended to ele-vate, starting immediately after the treadmill exercise; however, there were significant differences between the horses given H 2 -enriched compared to placebo water. The BAP values increased in all horses post-exercise, and there were significant differences between the placebo and H 2 -enriched water trials.
The results revealed that significant elevations of both oxidative stress and anti-oxidative functions occurred simultaneously in all of the intensively exercised horses, but the increase was less in the horses given H 2 -enriched water, suggesting that H 2 -water has useful antioxidant-mediated effects during exercise [323] .
In injured athletic subjects who were given hydrogen interventions, the efficacy of hydrogen for increasing skeletal muscle injury recovery has been examined. The first study involved a two-week pilot investigation of the effects of hydrogen on inflammation and recovery from acute soft tissue injury in male professional athletes. Thirty-six professional athletes were examined by a certified sports medicine specialist within the first 24 hours after sustaining injury, and they were then allocated to 3 randomly assigned groups in a single-blinded clinical trial [324] . The control group received a traditional treatment for soft tissue injury throughout the study, which consisted of a protocol (RICE) during the first 48 hours (rest, ice packs for 20 minutes every 2 hours, compression with elastic bandage, elevation of the injured area above the level of the heart at all possible times) and a sub-acute protocol thereafter (passive stretching 3 times per day for 90 sec, isometric strength exercise with 3 sets with 15 repetitions, and 30 min of pain-free weight-bearing exercise).
Injured subjects in the first experimental group followed the same protocol as the control group, but with the addition of oral consumption of 2 g of hydrogen-producing tablets per day. Subjects in the second experimental group also received the control group procedures and were given both oral H 2 -producing tablets (2 g per day) plus topical hydrogen-rich packs (6 times per day for 20 minutes each). Participants were evaluated at the time of the injury and at 7 and 14 days after baseline testing. The oral-topical hydrogen treatment group showed a decrease in plasma viscosity, when compared with the control group, and this group also showed a faster return to normal joint range of motion for both flexion and extension of the injured limb, when compared with the control group [324] .
In the next clinical study ten male soccer players (aged 20.9 ± 1.3 years old) were examined twice for peak torque and muscle activity in a double-blind, crossover trial [325] . The subjects were given either hydrogen-rich water (HW) or placebo water (PW) for one-week intervals. Subjects were provided with three 500 ml bottles of drinking water and instructed to place two magnesium sticks in each bottle 24 hours prior to drinking, and participants were asked to drink one bottle at 10:00 PM of the day before the test, one at 5:00 AM, and one at 6:20 AM on the day of examination. Subjects were given meals between 9:00 PM and 10:00 PM the day before experiments, and they fasted overnight. The subjects were first required to rest in a sitting position for 30 minutes before the exercise test. The exercise test consisted of the following: 1) Maximal progressive exercise to define maximal oxygen uptake (VO 2 max); 2) cycling an ergometer for 30 minutes at approximately 75% VO 2 max (Exercise-1); and 3) performing 100 maximal isokinetic knee extensions at 90˚ per second (Exercise-2). Blood samples were collected just before and after Exercise-1, immediately after Exercise-2, and 30 and 60 minutes after Exercise-2. Oxidative stress markers and creatine kinase in the peripheral blood were monitored during the trial [325] .
Although acute exercise resulted in increased blood lactate levels in the subjects given placebo water, oral intake of H 2 -enriched water prevented an elevation of blood lactate during heavy exercise. Blood lactate levels in the athletes given placebo water significantly increased immediately after exercise, compared to the levels at pre-exercise, but H 2 -water significantly reduced blood lactate levels post-exercise, using a bicycle ergometer (p < 0.05). Peak torque of the subjects treated with placebo but not H 2 -enriched water also significantly decreased during the initial 40 -60 contractions by approximately 20% -25% of the initial values, followed by a phase with little change [325] . This study revealed that adequate hydration with hydrogen-enriched water prior to exercise decreased blood lactate levels. The intervention with H 2 -enriched water also improved exercise-induced decline of muscle function.
Since hydrogen therapy has been shown to be highly beneficial for the treatment of inflammation, ischemia-reperfusion injury, and oxidative stress in muscle tissue, H 2 -water may be of benefit in enhancing performance, as well as shortened injury times for athletes.
Miscellaneous Uses of Hydrogen
There are a variety of miscellaneous uses of hydrogen. For example, hydrogen-rich saline has been used to atte-nuate neuropathic pain. A useful rat model of neuropathic pain has been developed that is induced by spinal nerve ligation. Ge et al. [326] introduced H 2 -rich normal saline into the rat spinal cavity of rats with spinal nerve ligation and found that hydrogen relieved mechanical allodynia and thermal hyperalgesia. They also found that preemptive treatment with hydrogen-rich saline prevented development of neuropathic pain behavior, and analysis of brain slices revealed that the H 2 -rich saline treatment significantly attenuated the increase of 8-hydroxyguanosine-immunoreactive cells in the ipsilateral spinal dorsal horn induced by spinal nerve ligation. Isolation, fractionation, and Western blot analysis of tyrosine-nitrated spinal proteins indicated that the hydrogen treatment resulted in increased expression, but not over-expression, of tyrosine-nitrated Mn-containing superoxide dismutase (MnSOD) in the spinal cord. The infusion of H 2 -enriched normal saline also had an analgesic effect that was associated with decreased activation of astrocytes and microglia, along with decreased expression of interleukin-1β and tumor necrosis factor-α within the spinal cord [326] .
By introducing hydrogen in their drinking water, Kawaguchi et al. [327] were able to reduce neuropathic pain in mice caused by partial sciatic nerve ligation. They showed that, while repeated intra-peritoneal or intra-thecal injections of strong antioxidants were ineffective in reducing neuropathic pain, the introduction of hydrogen into the drinking water reduced neuropathic pain, as assessed by mechanical allodynia and thermal hyperlgesia. When mice were allowed to continuously drink H 2 -enriched water ad libitum after spinal ligation, allodynia and hyperalgesia were alleviated. The pain symptoms were also reduced when H 2 -enriched water was given only during the induction phase from day 0 to 4, but only hyperalgesia was reduced when H 2 -enriched water was given during the maintenance phase from day 4 to 21 [327] . Using immunochemistry staining for oxidative stress markers 4-hydroxy-2 nonenal and 8-hydroxydeoxyguanosine, Kawaguchi et al. [327] demonstrated that oxidative stress induced by spinal ligation could be reduced by drinking hydrogen-rich water.
Hyperalgesia has been induced experimentally by remifentanil administration in animals and humans [328] . Since MnSOD nitration and inactivation is caused by ROS, and activation of N-methyl-D-aspartate (NMDA) receptors are known to be involved in the induction and maintenance of central neuropathic pain, hydrogen has been used to selectively reduce ROS, remove superoxide and reduce neuropathic pain. Thus, Zhang et al. [328] used intra-peritoneal H 2 -enriched saline in a remifentanil-induced post-surgical hyperalgesia rat model of neuropathic pain to demonstrate that hydrogen can significantly attenuate mechanical and thermal hyperalgesia. In this rat model, remifentanil causes dose-dependent long-term hyperalgesia associated with increased expression of NR2B molecules and trafficking from the cytoplasm to the cell surface, as well as MnSOD nitration. Separately, they used spinal cord tissue slices and an in vitro clamp system to confirm the role of membrane trafficking of NR1 and NR2B subunits in controlling the amplitude and frequency of NMDA receptor-induced current [329] . Pretreatment of rats with intra-peritoneal H 2 -enriched saline reduced the effects of remifentanil and attenuated mechanical and thermal hyperalgesia. The authors concluded that H 2 -enriched saline might reverse remifentanil-induced hyperalgesia by regulating NR2B-containing NMDA receptor trafficking and by controlling MnSOD nitration and activity [329] .
Hydrogen has also been proposed as a treatment for acute carbon monoxide poisoning [5] . Hydrogen is thought to exert its effects on CO poisoning by reducing oxidative stress, free radicals, neuronal nitric oxide synthesis, and inflammation [330] - [332] . These effects occur slowly after CO poisoning. Rats exposed to 1000 -3000 ppm CO in air eventually lose consciousness, and after resuscitation, they can be injected intraperitoneally with H 2 -enriched saline repeatedly over 3 days to reduce the delayed effects of CO, including tissue inflammation, cognitive dysfunction, and cell death [330] . Within one week after CO poisoning, rats show increased levels of degraded myelin basic protein, ionized calcium-binding adapter molecule one (iba1), DNA oxidation, and increases in inflammatory proteins in the cortex and hippocampal tissues, compared to normal controls. However, hydrogen-rich saline injections improved the histological appearance of brain tissue and reduced the CO poisoning markers listed above. Importantly, the H 2 -enedriched saline-injected CO-poisoned animals showed improved memory, and cognition in the Morris water maize test compared to CO-poisoned untreated controls [332] . Examining brain damage in the CO-poisoned rat model, Shen et al. [333] found that injection of H 2 -enriched saline reduced lipid peroxidation products and the numbers of apoptotic cells found after CO-poisoning, while increasing the levels of endogeneous cellular antioxidants in the brain cortex and hippocampus.
Another use for hydrogen-enriched saline is in reducing the effects of hemorrhagic shock, which causes low perfusion of visceral organs, ischemia and tissue hypoxemia, along with generation of ROS and multiple organ dysfunction [334] . Using a rat model for uncontrolled hemorrhagic shock caused by arterial bleeding and tail amputation, Du et al. [334] studied the effects of intra-peritoneal and intravenous injection of H 2 -enriched saline on survival and production of plasma interleukin-6, tumor necrosis factor-α, superoxide dismutase and malondialdehyde. Although the survival rates were similar among the groups of animals, there were significant differences in the levels of oxidative and inflammatory blood markers. Intravenous injection of H 2 -enriched saline was superior in its anti-inflammatory and anti-oxidative effects compared to intra-peritoneal injection of H 2 -enriched saline (p < 0.01), although both provided protection against release of inflammatory mediators and increased antioxidant enzymes [334] . In a follow-on study, Du et al. [335] compared the protective effects of three H 2 -enriched fluids (H 2 -enriched Ringer's solution, H 2 -enriched hydroxyethyl starch and hypertonic H 2 -enriched hydroxyethyl starch) on hemorrhagic shock in their rat model. They found that all of the H 2 -enriched solutions were more effective than their non-hydrogen counterparts in reducing inflammatory mediators and increasing antioxidant enzymes (p < 0.01), and reducing polymorphonuclear neutrophil accumulation in alveoli, capillary leakage and edema (p < 0.01) [335] .
Hydrogen has also been used to protect nerves from the effects of mechanical trauma and light-induced damage. For example, traumatic optic neuropathy is one of the more common causes of visual loss and blindness [336] . Using a rat model for optic nerve trauma, optic nerve crush, Sun et al. [301] examined the protective effects of using daily treatments of H 2 -enriched saline on nerve function and markers of tissue damage. Optic nerve function was measured by visual-evoked potentials and pupillary light reflexes. Tissue damage was assessed by examining tissue sections for the presence of toxins and gamma synuclein. Deoxynucleotidyl transferase-mediated dUTP nick and labeling (TUNEL) staining were used to measure nerve cell apoptosis. The animals receiving H 2 -enriched saline daily were shown to have significantly less optical nerve damage in terms of gamma synuclein staining and apoptosis assessed by TUNEL staining. They also had lower levels of tissue malondialdehyde (p < 0.01 and p < 0.05, respectively). The H 2 -enriched saline animals showed significant improvements in optic nerve function, compared to saline controls (p < 0.05). The results indicated that H 2 -enriched saline had a significant protective effect on optic nerves after mechanical trauma [301] .
Light-induced damage to the retina has also been ameliorated with the use of H 2 -enriched saline [316] . Intense light can damage photoreceptors in the retina, and this is associated with excess oxidative damage [337] . To examine the effects of H 2 -enriched saline on light-induced retinal damage, Tian et al. [316] used intense light to expose the right eye of a rat, while the left eye was used as a control. Animals were untreated or treated with intra-peritoneal injections of H 2 -enriched saline before (prevention group) or daily after light exposure for five days (treatment group), and then electroretinography (ERG) recordings were obtained and the animals' eyes prepared for sectioning and light microscopic examination. Light damage could be assessed by ERG, and both H 2 -enriched saline groups of animals were significantly less damaged, as assessed by less of a reduction in ERG amplitude. For example, light damage resulted in 70% reduction in ERG amplitude, whereas the prevention group showed 50% reduction in amplitude (p < 0.001) and the treatment group showed only a 30% loss (p < 0.001). Histology indicated that the light damaged animals had significant losses in retinal pigment epithelium, but the retinal epithelium in the H 2 -enriched saline treatment group was almost normal, and the H 2 pretreatment group was intermediate between the untreated and the H 2 -enriched saline-treated animals. The losses in retinal pigment epithelium were almost entirely due to light damage to retinal photoreceptors [337] .
The use of hydrogen in emergency medicine has been reviewed by Shen et al. [80] . They report that administration of hydrogen has a number of uses in emergency trauma and other critical situations. After discussing the different modes of hydrogen delivery, they conclude that drinking H 2 -enriched water may be the most practical way for consuming hydrogen in daily life.
Finally, it has been proposed that mental diseases, such as bipolar disorders and schizophrenia, be treated with hydrogen. The use of hydrogen to treat mental disorders was proposed recently by Ghanizadeh and Berk [338] . Since diseases like bipolar disorders and schizophrenia are associated with increased oxidative and inflammatory stresses, hydrogen therapy might be useful as a novel therapeutic approach [338] . Although clinical trials have not yet been conducted in this area, it is only a matter of time before this is investigated as a potential clinical use of hydrogen therapy.
Future Studies and Conclusions
This review and others [1] [212] have documented that the clinical use of hydrogen is quite promising for the treatment of many acute and chronic illnesses and conditions, as well as its utility in support of the maintenance of good health. What started in Japan and the Far East as preliminary re-sults on the clinical use of hydrogen has now continued there and elsewhere, to the point where there are now a critical number of scientific and clinical studies that support the use of hydrogen as a primary or supportive component of clinical care.
With its potent and unique antioxidant properties, gene regulatory abilities, and rapid rates of diffusion across tissue and cellular barriers, as well as its excellent safety record, hydrogen has many unique characteristics that make it very valuable for utilization in medicine and health. Its systemic properties and excellent penetration abilities allow hydrogen to be effective under conditions of poor blood flow and other situations that limit many other types of systemic treatments.
The clinical justification for hydrogen use is growing because: 1) Redox imbalance and the excess production of ROS and RNS (increasing oxidative stress) have been implicated in many, if not all, pathophysiological mechanisms leading to a wide variety of medical conditions and diseases. Hydrogen is useful because of its potent free-radical scavenging properties that significantly reduce strong cellular oxidants, but it does not affect important signaling pathways that depend on mild cellular oxidants.
2) Hydrogen is effective in reducing signs and symptoms and improving quality of life in a wide variety of clinical conditions. Because most of its effects are often indirect, such as reducing excess oxidative stress, hydrogen is useful for many apparently unrelated clinical conditions that are linked to redox imbalances. Often these conditions do not have definitive treatments that eliminate the illness. In such cases, hydrogen can be used in conjunction with less than effective therapies to improve clinical outcomes.
3) Perhaps its most useful property is that hydrogen does not interfere with the underlying mechanisms of most clinical treatments. Thus, its real value may be in adjuvant therapy, along with standard treatments for many clinical conditions. 4) An important factor is the safety of hydrogen and that no adverse effects of hydrogen have been described. This is also very relevant, since many drugs are limited in their use because of toxicity, adverse reactions, and unfavorable dose-response characteristics. Hydrogen does not have these problems.
5) The ease of hydrogen administration is a useful characteristic. This is where H 2 -enriched water has an advantage over other methods of hydrogen delivery. Drinking H 2 -enriched water can be done on a long-term basis without any special requirements for administration.
Basic and clinical research on the use of hydrogen for acute and chronic illnesses will continue to improve our understanding of the mechanism of action of hydrogen therapy: 1) Hydrogen is able to promote changes in the expression and levels of particular proteins by regulating gene expression. Of particular importance is that hydrogen can inhibit or change the expression patterns of proinflammatory, pro-allergic, pro-apoptotic and pro-oxidative proteins. Many, if not most, of these proteins are over-expressed in a variety of chronic and acute illnesses. How hydrogen changes the expression of particular proteins remains an important question that is currently a topic of research in several laboratories.
2) The cellular receptors for hydrogen and the mechanisms of hydrogen action at the level of cellular membranes, enzymes, protein synthesis, and gene regulation will have to be investigated. Little is actually known about these molecular interactions involving hydrogen inside cells and tissues. This will have to also be investigated first in simple in vitro models in order to eventually understand more complex in vivo environments.
3) Hydrogen is able to quickly penetrate into tissues and cells. Further investigation is needed to monitor the actual levels of hydrogen in the microcirculation and target tissues, especially when hydrogen is administered for long periods of time. We do not yet know the levels of hydrogen administration which provide steady state and effective concentrations of hydrogen in various tissues and cells.
4) The clinical uses of hydrogen must be further investigated. Most of the published research on hydrogen has utilized animal models. Although this has been extremely useful, it is now time to shift the focus of research to patients with acute and chronic clinical conditions. 5) There are some advantages and disadvantages in the various ways hydrogen is administered, and this should be further investigated. Although inhalation of H 2 gas has an advantage in that it is easy to administer; it also has some disadvantages, such as reproducibility of delivering the same dose of H 2 in different patients because of variations in the amounts that effectively reach the microcirculation and tissues. It also requires highpressure containers and pressure regulators to deliver the required amounts of hydrogen gas, and the patient must use a mask or nasal insert. On the other hand, H 2 -enriched water can be easily and accurately delivered without any special apparatus. With any delivery method there is the problem of knowing the effective concen-trations of hydrogen that reach the target tissues, and this will remain an important research topic.
6) The increased use of controlled, randomized clinical trials will improve our knowledge of the benefits of hydrogen for various acute and chronic conditions. Until recently few clinical trials have used rigorous criteria for evaluation of clinical effects. Many trials have been open label in design, and this is expected for initial clinical investigations. In the future it is expected that more carefully designed (and more expensive!) placebocontrolled, blinded, randomized clinical trials will be necessary to confirm the clinical benefits of hydrogen.
Finally, the use of hydrogen for acute and chronic medical conditions is rapidly being eclipsed by the use of hydrogen for health maintenance, exercise and physical performance, as well as aging. These areas of hydrogen use will continue to grow and will ultimately dwarf the current clinical uses of hydrogen in our society.
